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FOREWORD

This final report is submitted in fulfillment of Contract No. NAS 7-136,

"Study of High Effective Area Ratio Nozzles for Spacecraft Engines", conducted

from 18 April 1962 to 18 February 1964.

The work was conducted at the Aerojet-General Corporation Liquid Rocket

Plant in Sacramento, California by the Research and Advanced Technology Division.

The contract was conducted in two phases. The initial phase dealt primarily

with the survey and performance and mission evaluation of the various nozzle

concepts. In the second phase emphasis was on refinement of the design and

analytical work in promising areas and on reduction in nozzle performance losses.

Primary contributors were V. H. Ransom, Project Manager of Phase l; F. X. McKevitt,

Project Engineer of Phase i and Manager of Phase 2; N. C. DeLeuze 3 Project Engi-

neer of Phase 2; and J. D. Hwang_ A. A. Trujillo, J. D. Tuls, and T. J. Walsh.

The work was performed for the National Aeronautics and Space Administration

under the management of H. Burlage, Jr., with technical direction fromR. D. Cannova.
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Io INTRODUCTION AND SUMMARY

The material reported here was originated under Contract No. NAS 7-136,

"Study of High Effective Area Ratio Nozzles for Spacecraft Engines." This

report is submitted in fulfillment of the requirements of the contract.

The primary objective of this contract is to evaluate the effect of

using large effective expansion ratio nozzles in spacecraft engines. A second-

ary _+_r_,_ is to originate new nozzle conce_ts_ that offer increased s_ace-_

vehicle performance.

The scope of the program includes a general nozzle survey for selection

of candidate nozzles, a performance analysis, an engine and vehicle design, a

mission analysis, and experimental evaluations of the performance of two of

the nozzles selected, and of a method of increasing performance by reducing

the frictional drag in the nozzle. The experimental work consists of cold-

flow tests for the two most unusual nozzle concepts, the aerodynamic and the

swirling-flow nozzles, and for reduction of drag losses by injection of a

secondary gas into the boundary layer. The aerodynamic and swirling-flow

nozzles were selected for experimental verification because of their potential

for short length and high performance, and because little or no performance

data existed for verification of the analytical methods used in performance

analysis. The concept of reducing drag is applicable to all nozzles, and

again experimental data was lacking to verify the theoretical analysis. The

design and mission analyses are performed for two propellant combinations that

are chosen as representative of the classes of storable and cryogenic propel-

lants: N204/0. 5 N2H4-0.5 UDMH and L02/LH 2. The mission analysis included

consideration of both pump- and pressure-fed systems for missions ranging

in ideal velocity increments from 7,000 to 25,000 ft/sec. In all cases, rela-

tive payload delivered is the basic _riterion for evaluation of nozzle capa-

bility.
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I, Introduction and Summary(cont.)

The technical approach includes a literature search for information

pertinent to unique nozzle concepts and to methods of nozzle performance analy-
sis. In addition, a nozzle-concept survey was madeof nozzle functions and

ways of accomplishing these functions. The results of these efforts yielded

nine potential nozzles. The conventional contoured nozzles are included as

standards of comparison.

In the nozzle-performance analysis, the effects of wall friction, noz-

zle geometry, chemical kinetics, and heat transfer are considered. The methods

for estimating the losses resulting from the various effects are general and
are functions of propellant combination, area ratio_ thrust, chamberpressure,

and mixture ratio. Methods of reducing the losses are analyzed, and compared

with experimental data from the literature and from the experimental program
conducted for this contract.

Engine designs are presented for both pump- and pressure-fed engines
with the nine selected nozzles. Engine weights are compiled from the design

work as functions of area ratio, thrust, and chamberpressure. Design of the

radiation cooled expansion nozzle skirt is investigated in somedetail, taking
into account both aeroelastic and static effects.

The performance and weight data are used in the mission analysis to

establish maximumpayload capability for each nozzle and to define optimum

values for the engine parameters. A Nova class boost system is assumedso

that the effects of interstage length on the bending momentof the lower

stages maybe included in the optimization. A cold flow program is conducted
to establish experimental performance data for the swirling-flow and the aero-

dynamic nozzles; however, the higher theoretical performance is used in the

mission analysis.
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I, Introduction and Summary (cont.)

The mission-analysis results indicate that the relative payload capa-

bilities for all nozzles considered are within 6%, including the aerodynamic

nozzle, which had the poorest payload capability. The band width is less than

1.4% for the pump-fed engines and 5.1% for the pressure-fed engines, if the

aerodynamic nozzle is excluded. 0nlybroad conclusions can be drawn on the

order of the nozzles within this narrow band, because the results are dependent

on the assumptions made, as well as the accuracy of the weight and performance

calculations. The length of the nozzle is an important parameter in determining

the order of the various concepts, when the nozzles are boosted completely

assembled. A cluster of conventional bell nozzles is extremely short, and there-

fore, delivers the maximum payload for the pump-fed vehicles. However, if the

nozzles can be packaged disassembled, or otherwise retracted, during boost and

expanded or assembled in orbit, so that interstage length is not required as the

nozzle area ratio is increased, the order of the nozzles in the band is roughly

reversed, and the conventional bell nozzle delivers the highest payload because

of its high performance. Nozzles with annular or slot throats such as the plug_

forced-deflection, annular, and star nozzles do not appear to offer any performance

advantages significant enough to warrant their development for space applications.

The results of the analysis also indicate that the swirling-flow nozzle

may offer significant advantages when the mission will require throttling

capability, and that gains in performance may be realised on existing and pro-

posed rocket engines by recontouring the nozzle to reduce dissociation losses.

The conclusions of the study and recommendations for future studies are

presented in Section VI.

I-3
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II. NOZZLE CONCEPTS

A. SUMMARY

A general nozzle concept survey was conducted to classify the nozzle

functions and methods of achieving these functions. Possible configurations were

then classified according to geometry and clustering arrangements, and a repre-

sentative sample of ten nozzles were selected for detailed study and comparison.

The designs of these nozzles are discussed in detail and compared in this section.

B. NOZZLE CONCEPT SURVEY

In the nozzle survey conducted, processes for producing thrust by

expansion of compressible fluids to a high velocity stream were considered. Per-

formance augmentation by unconventional means (i.e., acceleration by electromag-

netic, electrostatic, or physical force and inert or reactive mass addition) are

possible nozzle functions. However, these methods generally do not increase

system payload performance because of low thrust-to-weight ratios unless the

energy or mass required is a by-product of other on-board systems. Because of

the specific nature of such systems, a general study was beyond the scope of

this program.

The set of all possible nozzles for expansion of a compressible

fluid is too large for study without application of carefully selected restric-

tions. Because the program is primarily an analytical one, it is necessary to

consider only the subclass of nozzles amenable to analytical design and per-

formance prediction. The experimental program was then devoted to verification

of the methods used for design and performance prediction for those nozzles that

were judged to offer highest mission performance potential and those that were

least amenable to reliable performance prediction because of lack of experimental

data.

II-i
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II, B, Nozzle Concept Survey (cont.)

The objective of this program is to produce a more complete realiza-

tion of the potential performance benefit achievable by meansof _igh effective

area-ratio nozzles, irrespective of how the high effective area ratio is achieved.

The ultimate hope is that a nozzle might be discovered that would produce exit

velocities greater than those that are possible by the conventional rocket nozzle

within the samephysical diameter. The velocity that maybe achieved is directly

dependent on the effective flow area through which the fluid is discharged from
the system. Under these circumstances, the maximumexit velocity that can be

obtained is produced by isentropic expansion of the fluid in chemical equilibrium

to a uniform parallel stream occupying the maximumcross-sectional exit area.

Thus, relative performance advantage of any particular concept is limited to the

improvementpossible by reduction of the entropy increase accompanying the

expansion process, and by reduction of overall system weight due to nozzle

geometry and flow characteristics.

A general rocket-nozzle concept survey was madein which the nozzle
functions were classified as flow acceleration and flow directing. The functions

with further breakdownare shownin Table II-i with various methods for achieving

these functions. In Table II-i, possible nozzle configurations are classified

according to geometry and clustering arrangements.

Sketches of somepossible nozzles suggested by the concept survey are

shownin Figure II-i. The nozzles are categorized by geometry only, with cluster-

ing, combining, and multiple throat nozzles omitted for simplicity. Each of the
nozzles pictured could use curved nozzle axes. The boundary can be straight, as

in the case of a conical nozzle, or can be contoured. Swirling flow can be used

in the axisymmetric nozzles. In addition, each nozzle can use a fluid boundary.

The truncated plug nozzle naturally has an internal fluid boundary downstreamof

the plug truncation. An example of an axisymmetric nozzle with fluid boundary

extension is shownin Figure 11-2. This nozzle, referred to as the aerodynamic

nozzle, has the advantages that the cylindrical boundary (i) is not subject

II-2
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II, B, Nozzle Concept Survey (cont.)

directly to the high-temperature, high-velocity gas stream, (2) carries a low

pressure, and (3) does not need to be designed for compressive or bending loads.

A plug nozzle truncated back to the throat could be considered an aerodynamic

plug nozzle. An example of a combined aerodynamic plug and forced-deflection

nozzle is shown in Figure 11-3. This nozzle attains a higher effective area ratio

than a forced-deflection nozzle by using the central section of the nozzle.

Combinations of these concepts alone result in a large number of potential nozzles.

A few other possible combinations are shown in Figure 11-3.

The star nozzle shown in Figure II-i is selected as representative of

a three-dimensional nozzle, and the number of other possible shapes is limited

only by the imagination of the designer. The primary purpose of a nonaxisymmetric

throat is to decrease the throat hydraulic radius, which results in decreased

nozzle length.

In addition to performance and effect of geometry on the engine and

vehicle, some nozzles are inherently more adaptable to the engine system than

others. The nozzle has profound influence on the combustion chamber, as well as

on the feed, cooling, and control systems. The vehicle tankage and thrust

structure are also, to various degrees, dependent on the nozzle geometric character.

To obtain a realistic evaluation of the relative merit for all nozzle systems, some

consideration has been given to engine adaptability.

The engine components are influenced mostly by the geometry of the

nozzle throat; therefore, the throat is used as a classifying parameter. The types

of nozzle throats considered include single circular, star, linear, and annular.

All of these throats may be used in multiples or combinations. The engine com-

bustion and propellant feed system becomes more complex and less controllable as

the system is dispersed, as is the case with annular, multiple, or combination

throats (unless the system is compact so that a single combustion and feed system

is possible). The vehicle engine mounting system is also more complex with

dispersed systems, although some length and structural weight may be saved because
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II, B, Nozzle Concept Survey (cont.)

of more efficient thrust distribution. A centralized combustion and feed system

is only possible with nozzle systems having single circular throats and throats

of small overall diameter. Bell, conical, multiple-throat forced-deflection, and

aerodynamic nozzles are all desirable from this viewpoint. The plug, annular,

annular forced-deflection, and multiple or combination nozzles have complex com-

bustion, control, and feed systems, but they also have the major advantages of

distributed thrust and short length.

Engine reliability is also affected by the nozzle type because of

the increased complexity of systems with dispersed combustion and dispersed control

and feed systems; however, the reliability of dispersed systems can be improved

to an even higher level than the single unit by designing for redundant operation

and failure protection. Somesystem performance penalty results, of course, and

must be compromisedwith the gain in reliability.

It is most desirable to retain the simplicity of the single-compact

combustion and feed system while retaining short length and distributed thrust.

C. SELECTEDCONFIGURATIONS

From all the possible nozzle configurations, ten were selected for

design and analytical studies on the basis of their potential performance. They

are: cone and bell nozzles, aerodynamic nozzle, annular nozzle, truncated plug

nozzle, star nozzle, swirling-flow nozzle, cluster of bell nozzles, forced-

deflection nozzle, and disk nozzle.

Pressure- and pump-fed engines utilizing the selected nozzles are
shownin Figures II-4 and II-5, respectively. A length comparison of these nozzles

is made in Figure II-6 as a function of area ratio. The lengths of someof these

nozzles are functions of parameters other than area ratio. For the aerodynamic

nozzle, it is the primary nozzle area ratio and exit angle; for the forced-deflection

nozzle, the base area ratio; for the star nozzle, the number of throats; for the
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II, C, Selected Configurations (cont.)

truncated plug nozzle, the degree of truncation; and for the clustered bell

nozzles, the number of nozzles. The effect of these parameters is shown in

Figure 11-7 and Figures 4 and 5 of Appendix I, and is discussed in more detail

under the separate nozzle headings. Note that the thrust of nozzles with

similar area ratios and throat areas will not be exactly the same because of

different nozzle efficiencies. Therefore, to compare the length of nozzles

with similar thrust, the length ratio (L/rt) must be divided by the square root

of the nozzle efficiency, _l_N (Section III).

Nozzles with slot or annular throats are shorter than nozzles with

single circular throats for equivalent performance, as shown by Figure 11-6.

However, nozzles with slot throats have several disadvantages when compared with

conventional nozzles. The slot throat has many times the peripheral area that a

single circular throat has for the same total throat area. The characteristic

length for the annular gap is smaller and results in a hi_her heat-transfer

coefficient. Total heat transfer of the overall nozzle is increased by both

effects. The total hoop stress of the annular combustion chamber is greater for

the outer shell, and the inner wall must be prevented from buckling. Because of

the higher sturctural loads, it becomes difficult to maintain the dimensional

stability of the nozzle throat. Any asymmetry of the throat will result in a

skewed thrust vector of the engine.

It has been proposed to alleviate the problems of the annular nozzle

by using several discrete circular throats rather than a continuous annular throat.

Flow from the discrete throats is merged to form a continuous annular flow at the

exit of the internal expansion section as shown, for example, in Figure 11-8.

This increases the hydraulic radius of the nozzle and thus decreases the heat

transfer problem as well as eliminating the stress problem associated with the

annular throat. However, the complexity and length of the nozzle is increased and

performance is decreased due to the losses associated with impingement of the

supersonic streams from the internal expansion sections. The annular throat forced-

deflection nozzle is compared with a cluster of conventional contoured nozzles, as
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II, C, Selected Configurations (cont.)

well as a star nozzle on Figure 11-7. An example will serve to illustrate the use

of this graph. The graph comparesnozzles of both area ratio i00 and 50. To

determine the length of a typical forced-deflection nozzle with a base ratio ($ p )

of 25, follow the _ p curve to 25 (at R/r t = .i) and descend vertically to determine
that the forced-deflection nozzle of area ratio i00 has a length ratio of 15.2.

It is possible, at somelength penalty, to construct this nozzle with, say,
seven discrete circular throats. However, to comparethe F-D nozzle with a

cluster of seven conventional nozzles, rise vertically from the N curve at

N = 7 (R/r t = .375) to determine that the length ratio of the cluster is 8.4, or
about 55_ of the length of the annular throat F-D nozzle. Note also that the
clustered nozzles have the advantage of higher hydraulic radius (lower perimeter)

and hence lower heat transfer. To achieve this by using multiple discrete throats,

the F-D nozzle must pay a length penalty, as well as lowered performance. The

star nozzle, it maybe seen, is muchlonger than either the cluster or the F-D

nozzles. The hydraulic radius of the F-D nozzle can also be increased by decreasing

the base ratio (base area/throat area), although this results in increased length_

and does not eliminate the stress problem.

D. NOZZLEDESIGN

All of the nozzles analyzed in the design study and shownin Figures

II-4 and II-5 have a thrust of lO0,000 lb and an area ratio of lO0. The chamber

pressures are 100 and 500 psia for the pressure- and pump-fed systems, respectively.

The length of each nozzle from the bottom of the propellant tank to the nozzle
exit as well as the nozzle weight are shownas a function of chamberpressure and

area ratio in Figures 1 through 17 of Appendix G. The estimates of the weights
are based on nozzles constructed as describedbelow. The lengths of the nozzles

from the throat to the exit are taken from the curves in Figure II-6. The com-

bustion chambersare designed for a characteristic length (L*) of 40 in. and a

contraction area ratio of 3.
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II, D, Nozzle Design (cont.)

All contours are designed for maximum vacuum thrust with a given

nozzle length (throat-to-exit) with the assumptions of a fixed ratio of specific

heats ( _ = 1.2) and a steady isentropic flow of fixed-composition combustion

gases. In evaluating performance, however, friction and non-equilibrium loss

effects were considered.

To simp!if_ r the designs and to keep them as consistent as possible,

all of the pressure-fed engines use ablation cooling in the chamber and on a

portion of the expansion nozzle. The ablative liner is fabricated from high-

silica cordage edge-grain tape that is impregnated with high-temperature-resistant

phenolic resin. Hoop strength is provided by a glass wrap on the nozzles with a

circular chamber and by a steel jacket on the nozzles with a slot throat. The

chamber of all pump-fed engines is regeneratively cooled. On all nozzles except

the cluster, a titanium, radiation-cooled skirt was used from the ablative or

regenerative cooled section to the nozzle exit. A weight allowance was made for

stiffening of this skirt. An empirical curve which defines the area ratio from

which the radiation cooled portion extends is shown in Figure 11-13. Data

gathered from engine firings at Aerojet-General, subsequent to the use of this

curve, has indicated that it is somewhat optimistic for titanium skirts. However,

the same curve was used for all nozzles so that the comparison should not be

affected by this assumption. The results also show that vehicle payload performance

is relatively insensitive to engine weight, further validating the usefulness of

this curve.

The entire inner portion of the pressure-fed annular nozzles and that

portion of the plug nozzle down to where radiation cooling will suffice, is con-

structed of O.O16-in. aluminum, backed by 1-1/2-in. honeycombed material. Thermal

protection is provided by a 1/2-in.-thick covering of ablative material.

The injector is constructed from aluminum for the nozzles with cir-

cular throats and from type 347 steel for the nozzles with annular and star throats.

All thrust structures are constructed from titanium.
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II, D, Nozzle Design (cont.)

Weights of thrust structures, valves, and propellant lines were

estimated by using the weights for comparable existing engines. All of the
annular throat nozzles use C-clamps for combustion chamberhoop strength.

Other methods maybe feasible for providing hoop strength, such as regenera-

tively cooled tubes slightly upstream of the throat, or spiraled tubes with

pinched sections for the throat. Becausethese clamps are a substantial

portion of the weight of somenozzles, a weight reduction maybe possible in

somecases. However, the results of the mission analysis indicate that pay-

load is relatively insensitive to engine weight, and refinements of weights
were not considered justified. The weight of additional plumbing required

to distribute the propellants to annular and clustered configurations was

considered in the weight analysis.

Thrust vector control is not included as an engine requirement

because only slight vector control of a space vehicle is needed, primarily

for correcting errors caused by engine misalignment. Vector-control require-

ments to reorient the vehicle following someperturbation, such as separation

from the lower stage, or to maintain vehicle attitude during stage operation,

are very small. It is stated in a Rocketdyne publication* that, while booster

and upper-stage engines have design gimbal angles of approximately 5° to i0 °,

it is very difficult to find an actual gimbal angle in flight approaching a

magnitude of i ° . Becausespace vehicles generally require an attitude control

system to maintain vehicle orientation during unpoweredphases, it is assumed

for the purpose of this comparison that the attitude control system is capable

of providing the required vector control capability. This allows considerable

simplification of the design because the large, light weight skirts on low-

pressure high-area ratio nozzles are not well suited to high rates of gimbaling

or to the unbalance of pressure caused by gas injection vector control. However,

thrust alignment in a nozzle with an annular or star throat maybe one of the

critical problems.

* Propulsion Requirements for Space Missions, Rocketdyne Final Report, Contract

NAS 5-916, Vol. III, May 1961.
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II, D, Nozzle Design (cont.)

The effect of nozzle length and nesting on interstage structural

requirements is indicated by the distance between the propellant tanks of

adjacent stages. The tank diameters of all pressure-fed systems were arbi-

trarily selected as equal to the nozzle exit diameter. The same tank diameters

were then used for the pump-fed systems. In the mission analysis studies, the

tank diameters are determined by the mission requirements.

Each configuration may have different percentages of theoretical

performance at the same area ratio. This results in different propellant require-

ments between configurations. The trade-off study of the mission analysis is,

therefore, an essential part of the nozzle comparison.

i. Cone and Bell Nozzles

The cone and bell nozzles are well-proven standards that have low

total heat transfer surface area_ are adaptable to gimbaling, and have simple thrust

structures in the pressure-fed versions. However, they are long, and therefore

require a long interstage structure. They also require a complicated thrust

structure for pump-fed versions_ where tank pressures are low. The bell-nozzle

contours were calculated, as discussed in Appendix C_ for an ideal gas with the

aid of a computer using the method of characteristics and Eao's optimization

technique.* A more refined contour was also calculated for equilibrium flow of

the gas, although these contours were not used in the weight estimates for the

mission analysis. The equilibrium flow contours are described in Section III.D.I.

* Rao, G.V.R., "Exhaust Nozzle Contour for Optimum Thrust, " Jet Propulsion, June 1958.
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II, D, Nozzle Design (cont.)

2. Aerodynamic Nozzle

The aerodynamic nozzle is unique compared to most other nozzle

concepts because a gas-gas interface rather than a solid-gas interface is used

to turn or direct the flow to a near-axial direction. The use of a gas-gas

interface has several significant advantages, such as elimination or reduction

of heat transfer to the solid surface, elimination of solid structure, and

elimination of friction with the solid boundary. However, for the same overall

area ratio, the aerodynamic nozzle does not have as high a performance potential

as a solid-boundary nozzle. The primary advantage of the aerodynamic nozzle is

the attainment of high effective area ratios without the usual structural weight

penalty. This is possible by free expansion of the nozzle gases either immediately

after leaving the nozzle throat or following expansion to an intermediate area

by any of the solid boundary nozzles. The free expansion may be obtained inwardly

(an aerodynamic plug) or outwardly (the aerodynamic nozzle, which is shown

schematically on Figure II-2). The cylindrical extension results in a trapped

gas pocket at a finite pressure, which causes near constant pressure turning of

the exhaust gases to the axial direction. The cylindrical extension, or shroud,

is long enough so that reattachment of the flow occurs at the exit of the shroud.

A lightweight nozzle is possible because the shroud carries only tension loads.

Ideally, it is not necessary to carry bending or compression loads through the

shroud. Therefore, the shroud may be constructed from flexible lightweight

materials (even the tensile loads are small because the internal pressure would

be a fraction of 1 psia). Thus, the shroud may be easily folded to achieve

extremely short nozzle lengths in the stowed position. Heat transfer to the

shroud is mainly by radiation; this may be significantly reduced by constructing

the shroud from reflective material or material that is transparent to radiation.

The method for estimating the geometric losses in the aerodynamic nozzle is

described in Appendix F.
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II, D, Nozzle Design (cont.)

The initial expansion in the aerodynamic nozzle selected for the

design study has a bell contour (Figures 11-4 and 11-5). However, at low area

ratios, a conical nozzle with an optimum half-angle has a shorter length than a

bell nozzle with the same expansion ratio. Thus, the conical nozzle may find

application as the initial section of a shrouded nozzle, since performance is

determined by overall expansion and not by the internal expansion alone. An

expansion ratio of i0 was arbitrarily selected for the primary section. The

cylindrical shroud on this nozzle carries a very low constant pressure (0.025 to

1.5 psia) allowing construction from 0.003 in. titanium. A reinforcing ring

provides rigidity at the ends of the cylindrical shroud. Because nozzle per-

formance is insensitive to the roughness of the cylindrical extension, the thin

metal may be folded (represented schematically on the drawing) and extended by

the combustion gases and acceleration on engine ignition. The possibility also

exists of extending the shroud back to the tank and obtaining thrust from the

pressure on the tank bottom. The one-dimensional contour of the cylindrical

shroud makes it more suitable to fold than more complicated contours. However,

its flexible structure makes any vector control very difficult.

3. Annular Nozzle

The outer boundary of the annular nozzle was designed by the

method of characteristics and optimized by Rao's technique for annular throats.

The inner boundary is a mirror image of the outer boundary, which if extended

to the nozzle exit would meet at a point. This is not an optimum contour. The

optimum contour has a higher base ratio and a steeper inner boundary. The nozzle

shown on Figure 11-4 has a shorter length than the forced-deflection nozzle but

has lower performance. The truncated central plug is expected to recover a large

percentage of the thrust that would be realized by continuing the inner boundary

to the nozzle exit. This allows the annular nozzle to have a lower diameter than

the forced-deflection nozzle, since there is no void central region. The annular nozzle

packages well with the pumps and valves contained in the central plug. However,

the plug must be regeneratively or ablation-cooled. The result is a considerable

weight penalty.
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II, D, Nozzle Design (cont.)

4. Truncated Piu_

The isentropic plug contour was designed with the two-dimensional

Prandtl-Meyer relationship. The base ratio (base area to throat area) of the plug

nozzle is a function of the expansion ratio (or the exit Mach number). The

resultant base ratios are high (to 400) and the annular throat gap is very small_

making the dimensional tolerances of this nozzle critical. The throat gap width

for a nozzle with a thrust of lO0, OO0 lb ranges from 1.32 in. at Pc = 50 psia

and _ = 50 to 0.162 in. at P = 800 psia and _ = 200. This nozzle_ therefore,
c

appears very short, due partly to the fact that high base ratios were allowed.

One method of avoiding the small throat gap problem is to use multiple circular

discrete throats. Flow from the discrete throats is merged to form a continuous

annular flow at the exit of the internal expansion section.

Experimental data was taken from plug nozzles with an area ratio

of 30 truncated to from 6 to 33% of their isentropic length. The data indicates

that about 70% of the thrust, which would have been produced by the portion of the

isentropic spike that was removed by truncation, is recovered by the pressure on

the base. This factor establishes the basis for the geometrical loss factor C _G

shown in Figure 5 of Appendix C.

The plug nozzle has a short, simple thrust structure with room

in the spike for pumps and valves. However, it is not suitable for gimbaling and

other methods of thrust vector control are inefficient. It is the heaviest of the

nozzles studies and has a complicated propellant distribution system. The com-

bustion gases were assumed to be transparent to radiation, allowing radiation

cooling of the plug nozzle.
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II, D, Nozzle Design (cont.)

5- Star Nozzle

The star nozzle has multiple radial throats and a circular exit

plane. The expansion in this nozzle is three-dimensional and not amenable to

calculation by currently used techniques. A crude estimate of the length of this

nozzle (Figure 11-6) was therefore made by assuming a composite of two-dimensional

nozzles as shown in Figure 11-9. The expansion is two-dimensional in that the gas

only expands in a direction which is normal to the long (radial) dimension of the

throat. An actual star nozzle would have the same exit diameter but a throat with

a shorter radial length. In the limit, as the radial length becomes very small,

the length of this nozzle would be expected to approach that of a conventional nozzle

with a circular throat. Curves could therefore be drawn from each of the star nozzles

on Figure II-7 to the single bell nozzle (R/r t = 1.0) representing the length of a

star nozzle with a fixed number of throats as the radial length of the throats is

decreased. A large number of throats is required to achieve a substantial reduction

in length for this type of nozzle. The throat gap becomes very small as the number

of throats is increased, and the problems of the annular nozzle apply also to the

star nozzle. However, a three-dlmensional analysis or an experimental verification

would be required, before a definite conclusion could be reached.

For a design point, eight radial throats were selected, with

hydraulic radii equal to that of the forced-deflection nozzle. The length of the

nozzle at this hydraulic radius was further reduced by 12% to account for the

length saved by contouring. This corresponds to the length ratio between bell and

cone nozzles at the same area ratio. Triangular structural sections between each

of the throats provide dimensional stability, and the radiation cooled skirt conto_ir

is preserved by spacers held in place by hoop tension members. The configuration

is awkward with regard to pump location; it has a complicated structure, and the

nozzle cannot be folded. The radiation-cooled skirt must be attached at a higher

area ratio than other types because of the inter-radiation between creases in the

skirt at low area ratios.
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6. Swirlin5 Flow Nozzle

In this concept, an irrotational swirl is induced upstream of the

nozzle throat, resulting in a swirling-flow field throughout the nozzle. Although

this causes a region void of flow at the nozzle axis and restricts the mass flow

through the throat_ the gases are expanded to lower pressures, and consequently, to

higher velocities than in a conventional nonswirling nozzle.

The evaluation of the swirling flow nozzle shown on Figures II-i0

and II-ii is based on a quasi-one-dimensional analysis.* Computations were performed

for values of specific heat ratio of 1.4 and 1.2. The swirl-magnitude parameter,

a *, used in these figures is defined as the ratio of the tangential velocity component

of the gas at the wall of the throat to the limiting velocity attainable for expan-

sion to zero pressure. Contrary to the results shown by Mager, these curves indicate

gains in specific impulse of up to 25% over the equivalent one-dimensional nozzle

of the same area ratio. These gains are accompanied by large reductions in thrust,

as indicated by the reduction in mass flow (Figure II-ii). The concept may there-

fore be used in conjunction with a throttleable engine to increase the performance

as thrust is decreased. For this study_ the swirling flow nozzle is designed for

the same thrust level as the other nozzles. It is apparent from Figure II-i0_ that

for a fixed thrust nozzle in the practical operating regimes, performance gains are

relatively moderate. These gains must be evaluated by comparison to a nozzle of

the same thrust and length rather than of the same area ratio. On this basis, the

thrust efficiency shows little variation with swirl magnitude for nozzles of the same

thrust and length. However, reduced length may be attainable by recontouring the

nozzle. This may be expected, since the wall angle e, as "seen" by the flow is

reduced to @' by the presence of the swirl component by the following geometric

relation, where _ is the flow angle at the wall.

sin _' = cos @ sin @

* Mager, A., "Approximate Solution of Isentropic Swirling Flow Through A Nozzle,"

ARS Journal, August 1961.
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II, D, Nozzle Design (cont.)

The second approach to the swirl nozzle analysis is the more

complete characteristic solution. The analysis for both supersonic and transonic

swirling flow is presented in Appendix E.

The injector of this nozzle is located around the periphery of the

combustion chamber. The gas is rotated by vanes, which are splash plate-cooled by

impingement of the liquid propellants. A swirling flow magnitude of 0.5 was

arbitrarily selected, resulting in a nozzle geometrical area ratio of 25, which

produces an effective area ratio of i00. A Rao contour has been used for this

nozzle. It has the same length as the bell nozzle but a larger diameter, and there-

fore a larger weight. This contour does not take advantage of the higher expansion

angles possible at the throat due to the radial component of acceleration caused by

the swirling.

7. Cluster of Bell Nozzles

A bell nozzle may be considerably shortened by clustering a number

of smaller, but geometrically similar, nozzles to produce the same thrust. Figure II-7

shows the comparison of the length of clustered-bell nozzles with a forced-deflection

nozzle. It can be seen that the cluster is considerably shorter than the forced-

deflection or the star nozzle for the same hydraulic radius.

For the design study, seven nozzles were selected for the clustered

arrangement because of their packaging for the pressure-fed configuration. The

clustered nozzles are considerably shorter than the forced-deflection nozzle, but

since they cannot be nested over the lower stage, the length advantage is eliminated°

This effect is reversed on the pump-fed configuration. The cluster has a complicated

propellant distribution system, and interradiation between nozzles prevents the use

of radiation-cooled skirts.

II-15



II, D, Nozzle Design (cont.)

.

Report NAS 7-136-F

Forced-Deflection Nozzle

A forced-deflection nozzle has an annular throat that is canted

outward. The gases undergo a Prandtl-Meyer expansion at the inner lip, and are

turned to a more axial direction along the outer contour by the skirt. The two-

dimensional Prandtl-Meyer flow relationships were used to design the contour, in

a manner similar to that used for the plug nozzle. The nozzle is short (Figure II-4).

The length of the nozzle is a function of its base ratio (base area to throat area)

for a given area ratio. This effect is shown in Figure 11-7, where base ratio has

been converted to hydraulic radius for purposes of comparison with clustered bell

and star nozzles.

A base ratio of 25 was selected arbitrarily for the design point

of the forced-deflection nozzle shown on Figures II-4 and 11-5. This results in a

reasonable diameter and throat gap. Increasing the base ratio decreases the nozzle

length, but increases its diameter (resulting in poor area utilization in diameter

limited vehicles) and the surface area of the throat and decreases the width of the

annular throat gap. The selected base ratio results in a minimum throat gap of

0.46 in. (at 800 psia chamber pressure). The nozzle is short and has good nesting

potential because its diameter can be varied for a given area ratio by changing

the base ratio. It packages well, with space available in the central base for

valves and pumps. However, heat protection must be included, and gimbaling of this

nozzle is awkward. The combustion chamber lies closer to the central axis of the

nozzle than in either the plug or the annular nozzle, simplifying the propellant

distribution system. The base portion of the nozzle provides no theoretical thrust.

The nozzle could therefore be further shortened by combining it with a plug nozzle

in the base region.
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II, D, Nozzle Design (cont.)

9. Disk Nozzle

Report NAS 7-136-F

The disk nozzle is shown in Figure II-12. Shown in Figure 2 of

Appendix C is the loss as a function of area ratio that results from the nozzle

geometry. The performance is limited to that of a conventional nozzle of an area

ratio of about 1.2:1. This loss is obviously too high to make the nozzle worth

further consideration.
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LIST OF SYMBOLS

Combustion chamber area, in.

2
Throat area, in.

Nozzle geometry loss

Thrust, lb

Nozzle length, in.

Characteristic length = Vc/At, in.

Chamber pressure, psia

Throat radius, in.

3
Combustion chamber volume, in.

Swirl magnitude

Expansion area ratio = Ae/A t

Contraction area ratio = Ac/A t

Nozzle thrust efficiency

Wall angle, swirling-flow nozzle, deg.

Wall angle as "seen" by flow, swirling-flow nozzle, deg.

Flow angle at wall, swirling-flow nozzle, deg.
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TABLE II-i

NOZZLE SURVEY

ROCKET NOZZLE FUNCTIONS

A. FLOW ACCELERATION

i. Area Variation (Expansion)

a. Hard Boundary

b. Fluid Boundary

c. Free Boundary

2. Energy and Mass Transfer

a. Heat

(i) External Heat Added

(2) Chemical Reaction

(3) Phase Change

(4) Friction

b. Work

c. Mixing

B. FLOW DIRECTING

i. Expansion

2. Compression

Table II-i

Page I of 2
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TABLE II-1 (cont.)

ROCKET NOZZLE CONFIGURATIONS

A. NOZZLE GEOMETRY

it

2.

3.

Two Dimensional

Axisymmetric

Three Dimensional

B. CLUSTERING ARRANGEMENTS

i. Linear

2. Concentric

3. Multiple Discrete Throat

Table II-i

Page 2 of 2
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I. Axial Flow

a. Full

l_. Trunczted

2. Forced D_flection

a. Full
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b. Truncated

Solid-Boundary Nozzle Configurations

Figure 11-1
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Simply Connected Axisymmetric Nozzle with a Fluid Boundary

(Aerodynamic Nozzle)

Figure 11-2
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Combinations of the Plug-Forced-Deflect_on and Aerodynamic Concepts

Figure II-3
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Area _a_io_

Length Comparison of Rocket Expansion Nozzles

Figure 11-6
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Hydraulic Radius Ratio, R/r
t

Length Comparison of Forced-Deflection, Star, and Multiple-Bell Nozzles

Figure 11-7
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Mass-Flow Reduction through Nozzle Caused by Swirling the Gases

Upstream of the Nozzle Throat

Figure II-11
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Regimes of Ablative and Radiation Cooling for a Rocket Nozzle with LO2/LH 2 Propellants

Figure II-13
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III. NOZZLE PERFORMANCE
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A. SUMMARY

To define nozzle and engine efficiency, the one-dimensional equilibrium

specific impulse is selected as the ideal performance. A detailed method is out-

lined for correcting this to a deliverable specific impulse, treating each of the

engine losses separately. The three primary losses are combustion losses, due to

incomplete burning of the propellants_ turbopump losses, resulting from ineffici-

ently expanding the turbine exhaust gases, and expansion nozzle losses. The pri-

mary effort of the performance study is the evaluation of the losses in the expan-

sion nozzle in order to compare the performance of the various nozzle concepts. It

is assumed that all engines have the same combustion efficiency (.98), and that pump

fed engines use a gas generator cycle with a turbopump loss factor taken from empiri-

cal data. The expansion nozzle losses are separated into divergence_ drag, kinetic,

heat_ and two phase flow losses, and each of these are treated separately. Each

of the losses are described briefly in the following section, and the method of

analysis and graphs of the losses are shown in the appendixes. Methods of reducing

the drag and kinetic losses and of improving the nozzle contour design are also in-

vestigated, and an experimental program, described in Section VI,A, 3 was conducted

to verify the reduction of drag losses. Because little or no performance data

existed to verify the analytical methods used to evaluate the losses of the swirling

flow and aerodynamic nozzles_ cold flow experimental programs were also conducted

to verify the performance of these unique concepts (Section VI,A,I and 2).

B. DEFINITIONS

The ideal one-dimensional performance was calculated for both equilibrium

and frozen flow using an existing computer program, for the propellants LO2/LH_,

LF2/LH2, N204/Aerozine 50 and N204/Alumizine. The first two were selected as typical

cryogenics, the third as a typical storable, and the fourth as representative of a

system for which there would be two-phase flow. A description of the method used and

the results obtained are given in Appendix A. The calculations for the frozen flows

llI-i



III, B, Definitions (cont.)

Report NAS7-136-F

were performed so that the losses resulting from the departure from chemical equi-
librium in the exhaust gases could be estimated using Bray's criterion (see Appen-

dix A). A subroutine of the program is used to compute the transport properties of
the nozzle gases from the chemical composition data generated in the performance

computations. This data was used for nozzle design, shear drag, and continuum flow

computations.

In the discussion to follow, the ideal (one-dimensional equilibrium)

performance is denoted by the subscript (I). Also, the following definitions for

engine performance parameters are used.

I. Specific impulse is given by

F
I =
s

2. Discharge coefficient is defined as

At _eff)

CD =
_¢(I) At

where At(eff) is the plane area which would discharge a mass flow at ideal sonic

velocity (one dimensionally) equal to the actual mass flow.

3. The nozzle thrust coefficient is based upon the effective throat

area as follows:

F

CF =
PcAt (eff)

area.

. The characteristic velocity is also based upon effective throat

C_ =
g PcAt(eff)

IIi-2
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III, B, Definitions (cont.)

. The nozzle efficiency is defined as

CF

N - CF(I )

6. The combustion efficiency is defined as

C_

7 :C

c*(I )

Choice of the above definition results in several desirable character-

istics. The nozzle and combustion efficiencies are never greater than unity and

the actual specific impulse is related to the ideal specific impulse by the product

of the efficiencies.

Is N c Is(I) ' _N _ i, _c _i

Also the familiar relation between specific impulse, thrust coefficient_ and charac-

teristic velocity is preserved.

CF c*
I ----

s g

Normally, the basis for comparison of actual data and ideal calculations

is at the same chamber pressure and area ratio. However, two interesting conclusions

result from manipulation of the previous definitions and relationships.

The ideal characteristic velocity is defined from the thermochemical

calculation

g Pc(1)
c*(i ) : (fV)*(i)

•.,,herePc'I'[) is the infinite area chamber pressure and [(mV)* ,_ is the mass flux at

the throat for the ideal case.

III-3
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IIl, B, Definitions (cont.)

PcAtleff)
c* 'w Pc (_V)* (I) At(eff)

c__°*(_) Pc(i) : Pc(--[) *

(pv)*(1)

The product (_V)*_ (I) At(eff)' by definition, is equal to the actual weight flow,

¢. Thus,

P

and we see that the combustion efficiency is the ratio of actual nozzle stagnation

pressure to the infinite area equilibrium value of the chamber pressure.

As can be seen, selection of equal chamber pressure between actual and

ideal is not strictly a correct reference, and in general, the reference should be

chosen so that the following relationship is satisfied.

= (pV)* (I)At(eff) = (_V)* (I) CDAt

or so that the ideal (_V)* (I) is

(fly)*(1)- CDAt

With this reference, Pc(I) is always greater than Pc' and the ratio is equal to

the combustion efficiency.

In practice, the reference condition is normally taken at the sonic

point stagnation pressure due to ease of tabulation of calculated results; however,

is greater than 0.9.this results in only minor deviation when c

III-4
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III, B, Definitions (cont.)

Thrust can be expressed as a function of the nozzle exit velocity, Ve,

the exit plane pressure, Pe' and the exit area.

F = _V +P A
g e e e

Definition 3 can be rewritten as

F = CF Pc At CD

Equating the above two expressions for thrust gives

CF Pc At CD =- V + P Ag e e e

or solving for the thrust coefficient

• V
w e

CF =
g Pc At CD

P A
e e

+
Pc At CD

The effective area ratio is defined as

eff

A
e

At CD CD

At the geometric throat, then,

i

eff CD

For high area ratio nozzles, the use of the geometric area ratio rather than the

effective area ratio in making comparisons between actual and ideal performance will

make little difference, since the discharge coefficient is usually greater than 0.99.

In this report, all comparison except the swirling flow nozzle are made on the basis

III-5
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III, B, Definitions (cont.)

of the geometric area ratio. For low area ratio nozzles, however, failure to use
the effective area ratio can result in difficulties, e.g., the geometry loss (de-

fined later), can be negative.

For the purposes of the mission analysis study, _c was assumedto be
0.98. In pump-fed systems using a gas generator cycle, because a portion of the

propellant is used to drive the turbopump, the engine specific impulse is less than

the combustion chamberspecific impulse. The relationship between the two is,

isTillIseng [ cc Is(I)Tc qN ?c +_ 9+J__.g
Wcc

gg
NOW -r--

wTC

(1)TC c

is a function only of chamber pressure, whereas

" I
STE

In this study, Is_'{N'/c

I

STE is a
I
sTC

function of nozzle area ratio. was assumed to be a constant

value. Therefore, the above equation can be written as,

Is = C_N_C Is (1)T C
eng

where turbopump loss (C) is a function only of chamber pressure.

A plot of C versus chamber pressure, derived from data presented in an

Aerojet-General report* is shown in Figure III-i. For the two propellants being

considered, N204/Aerozine 50 and LOX/LH2, the plots coincide, although this would

not generally be the case for all propellants.

* Gibb, J. A., Liquid Rocket Engine Parameter Study, Revision B, Report LRP 125
(Special), Aerojet-General Corporation, 15 July 1959.
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III, B, Definitions (cont.)

To compare performance predicted by the previously described methods

with experimental data, it is necessary to either measure or calculate both the

nozzle discharge coefficient, CD, and the ratio between nozzle stagnation pressure

and the injector face pressure. The discharge coefficient may be estimated by

using Sauer's method for calculation of the velocity profile in the vicinity of

the throat and obtaining an integrated weight flow. The actual discharge coeffi-

cie nt is the ratio of this integrated weight flow to the one-dimensional weight

flow for the same throat area. The discharge coefficient computed by this method

is given in Figure 111-2 as a function of the ratio of the nozzle upstream wall

radius of curvature to the throat radius.

The ratio of the chamber pressure to the injector pressure can be cal-

culated if the area of the chamber where combustion occurs is known. The one-

dimensional flow equations are used for a perfect gas with heat addition (resulting

from combustion) and the pressure ratio is a function of the gas specific heat ratio

and the chamber contraction ratio. The theoretical values for this ratio are given

in Figure 111-3. This ratio may also be determined experimentally by use of a noz-

zle for which the thrust coefficient is accurately known, and thrust_ propellant

flow, and injector face pressure are measured. This technique is employed in the

analysis of the data in Section V.

For the thermochemical calculations, continuum flow and no condensation

of the exhaust products were assumed. These two assumptions, for the nozzle exit

area ratios considered_ as justified in Appendixes F and G, respectively, of the

interim report of this contract (Report NAS 7-136-01F).

C. NOZZLE LOSSES

factors,

The nozzle efficiency_ _N _ is assumed to consist of several loss

III-7
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III, C, Nozzle Losses (cont.)

where _G' C_D' _K' %H and C£p are the loss factors for nozzle geometry, fric-

tional drag, nonequilibrium or recombination loss, loss due to heat transfer, and

loss due to two-phase flow, respectively. These losses are discussed separately

in the following sections.

i. Geometric Losses

Geometric losses are defined as those losses resulting from the

gas leaving the nozzle exit in a nonaxial direction. Quantitative evaluation of

the losses associated with the nozzle geometry are derived by detailed contour

design and by the application of performance evaluation techniques such as the

method of characteristics or a suitable approximation. These losses are evaluated

at the geometric area ratio of the nozzle for all nozzles in this study. This re-

sults in losses which are slightly low, since the effective area ratio is slightly

higher than the geometric area ratio. However, because the discharge coefficient

is generally near 1.0 (0.996 for a circular throat), the effect is negligible.

The discharge coefficient of the swirling flow nozzle is not small and is a func-

tion of the swirl magnitude (CD = @/_I_D ). See Figure II-ll. Performance of this

nozzle was evaluated at its effective area ratio, although geometric losses were

evaluated at the geometric area ratio of the bell nozzle.

Geometric thrust losses for various nozzle concepts and the methods

of calculations are shown in Appendix C.

2. Dissociation Losses

The nozzle efficiency is further reduced by the losses associated

with the fact that chemical equilibrium is not maintained in the exhaust system.

When the propellants combust in the nozzle chamber, the combustion products include

not only molecular gases, but also equilibrium concentrations of dissociated species

For example, the combustion products of 02/H2_ at a mixture ratio ofof the gases.

iii-8
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III, C, Nozzle Losses (cont.)

5.0 are primarily H 2 and H20 , although equilibrium concentrations also exist of 02

and the dissociated species O, H, and OH. As the gases proceed down the nozzle,

their temperature and pressure decrease, lowering the equilibrium concentrations

of the dissociated species. If equilibrium composition is maintained, the dis-

sociated species will recombine with an associated heat release to form new species.

However, since the gases move through the nozzle at high velocity and they become

increasingly rarefied, equilibrium concentrations in general are not maintained

throughout the nozzle. A method for estimatir_ the resulting losses for air was

outlined by KoN.C. Bray in 1959", and expanded to gases of more complicated chemis-

try in 1961. _-_ The method has been programmed for the computer for this contract,

and the details and results of the application of this method are given in Appendix A.

The amount of chemical dissociation in a system and the associated kinetic losses

tend to increase with increasing chamber temperature and decreasing chamber pressure.

The chamber temperature, for a given propellant combination and chamber pressure,

is a function only of the mixture ratio. The kinetic loss therefore will also in-

crease with increasing mixture ratio. Nozzle size and contour also affect the

kinetic losses, C6K , since both determine the amount of time the exhaust gas stays

in expanding to a certain area ratio and thus, the time available for the exhaust

gas to reach equilibrium conditions. Increasing area ratio will also increase C_K.

Plug and forced-deflection nozzles generally have higher losses than bell nozzles.

For a low pressure low thrust forced-deflection nozzle with a high exit area ratio,

C_K can be as high as 0.12. For high pressures and thrust, C6K is generally negli-

gible.

3. Drag Losses

The viscous effects between the nozzle wall and the gaseous bound-

ary layer results in a drag on the wall which is opposite in direction to the nozzle

* Bray, K.N.C., "Atomic Recombination in a Hypersonic Wind Tunnel Nozzle", Journal

of Fluid Mechanics, V.6., 1959

**Bray, K.N.C., Appleton JoP., "Atomic Recombination in Nozzles: Methods of

Analysis for Flows with Complicated Chemistry, Department of Aeronautics and

Astronautics, University of South Hampton, April, 1961.
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IIl, C, Nozzle Losses (cont.)

thrust. Viscous effects may also be considered as having the effect of slowing the

main stream adjacent to the wall, thus forming the boundary layer, and therefore
lowering the exit momentumof the gases. The decrease in exit momentumis amen-

able to exact calculation if the free stream Machnumber is known. The drag may

also be calculated using empirical data. Both of these methods have been considered,

and are described in Appendix B. An empirical approach was selected for the results,

presented in the appendix, knownas the extended Frankl-Voishel analysis. Drag

losses increase with increasing exit area ratio and decreasing thrust-Chamber
pressure product. For the two propellants considered, the one with the higher ratio

of specific heats, N204/Aerozine 50, gave the lower losses.

For a given exit area ratio, propellant, and thrust-chamber

pressure product, nozzles that have the greatest solid surface area exposed to the
flow have the greatest drag losses. The forced-deflection nozzle, therefore, has

the highest drag losses of the nozzles considered. Since the drag of a fluid bound-

ary is negligible, the aerodynamic nozzle has the lowest loss. Typical values of

C_Dfor the bell nozzle, for instance, are 0.063 at a thrust-chamber pressure product
of 104 and an exit area ratio of 1,000, and 0.0067 at a thrust-chamber pressure pro-
duct of 107 and an exit area ratio of i0.

4. Heat Losses

Because very little heat leaves the nozzle-thrust chamber system

in the regeneratively and ablatively cooled portions of nozzles, the loss of speci-

fic impulse resulting from the use of these cooling techniques is negligible. The

static temperature of the gas is low enough in the radiation cooled part of the noz-

zle so that the heat loss at that point is also minor. Gas radiation losses from

the nozzle exit area are analyzed in Appendix D of the interim report of this con-

tract (report NAS 7-136-01F, 16 September 1963) and are shown to be negligible.

Because the heat losses are small_ they have no effect upon the

rating of nozzles.
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III, C, Nozzle Losses (cont.)

5. Two-Phase Flow Losses

When metals, such as aluminum, are added to rocket propellants to

increase their performance, the combustion process results in the formation of

small solid and liquid particles. During the expansion process, the gases are con-

tinually accelerating. However, the corresponding particle acceleration is always

less than that of the gases. The magnitude of the resulting velocity lag is pri-

marily a function of the particle-nozzle size relationship. In addition to a

velocity lag, the gas-particle mixture experiences a thermal lag. The gases de-

crease in temperature quite rapidly because of their expansion, but the particles

must depend primarily on convective heat transfer to maintain thermal equilibrium

with the gases. The effect of the velocity and thermal lags is to reduce the per-

formance of a two-phase propellant as expressed by specific impulse.

The nozzle contour determines to a large degree how great the re-

duction in specific impulse will be. Sudden expansion of the nozzle flow, especially

in the region of the throat, will bring about a large increase in CEp. For this

reason_ plug, forced-deflection, and even optimum bell nozzles may be unsatisfactory

for use with two-phase exhausts. The aerodynamic nozzle may also be unsatisfactory

for this application. The shroud would have to be much heavier to withstand the

erosion and increased heat flux that would result from particles striking it. Per-

haps the best nozzle is the optimum bell modified by a conical throat having a small

divergence angle. Imparting a small swirl magnitude to the flow in a nozzle may

diminish the loss somwhat by dispersing the particles more evenly in any nozzle cross

section. A large swirl, however, would perhaps concentrate the particles near the

solid boundaries of the nozzle with a resultant increase in the two lags. The losses,

C p, for the propellant N204/Alumizine, and a discussion of their derivation are given

in Appendix D.
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III, Nozzle Performance (cont.)

D. REDUCTION OF NOZZLE LOSSES

1. Reduction of Geometric Losses

A better model of two-dimensional and axisymmetric supersonic_flow

than the one that assumes that the ratio of the specific heat is constant is

obtained when the effects of changes in the chemical composition as the gas flows

through the nozzle are taken into account. A computer program, the thermodynamic

and numerical analysis for which is given in Appendix C, has been written which

enables one to calculate the flow through an arbitrary nozzle assuming either that

the flow remains in chemical equilibrium or is frozen at some point in the nozzle.

As input, the program requires a table of sonic velocity versus Mach number for the

gas being considered. The method of calculating the starting line was not changed

because the ratio of specific heats is fairly constant in the neighborhood of the

throat.

A method of calculating the optimum nozzle contour for either

equilibrium or frozen flow has also been programed and is described in Appendix C.

Using the design program, nozzle contours were generated for flow

of N204/A-50 at a mixture ratio of 2.0 with a total pressure of i00 psia for the

following cases: (i) the exhaust gas is in chemical equilibrium,(2) frozen flow,

(3) flow frozen at the throat, and (4) flow of a perfect gas.

Plots of these contours for an area ratio of 60 are shown in

Figure III-4. The nozzle designed for equilibrium flow using the equilibrium sound

speed is the shortest of the five, its length being ll% less than that of the long-

est, the one designed for frozen flow. The lengths of nozzles designed for these

flows as a function of area ratio is given in Figure III-5. The differences in

length becomes greater with increasing area ratio.
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III, D, Reduction of Nozzle Losses (cont.)

In Figure III-6 are plotted the geomtric losses. In each case

the geometric loss was computed by comparing the performance of the design nozzle

to the performance of the type of flow being considered for a one dimensional

expansion.

C6G = 1.0- Isp
ISPl_ D

where, if for instance the flow was frozen, IsPl_D is the frozen one-dimensional

specific impulse. The divergence loss is seen to be greatest for equilibrium flow

and least for frozen flow.

For the equilibrium flow cases, the equilibrium sound speed was

used; however_ several authors have suggested that the appropriate speed of sound

to use in calculations made for flows in which finite-rate chemical reactions are

occurring is the frozen speed,* i.e.,

NO 2 N204 ........Wegener_-_de,_ _a_+__.._____,_an_. / and found that disturbances are pio_d

at the frozen sound speed.

The performance of nozzles designed for a perfect gas when used

with a flow in chemical equilibrium, and a flow which is frozen_ was calculated.

The results are plotted in Figure III-7. Apparently, optimum nozzles which are

designed for a perfect gas will give very nearly the same performance with frozen

* Ehlers, F. E._ "Method of Characteristics and Velocity of Sound for Reacting

Gases", AIAA Journal, June 1963.

**Wegener_ P. P., "A Review of Investigations of Stationary Supersonic Nozzle Flow

With a Reacting Gas Mixture", Combustion and Propulsion_ Fourth AGARD Colloqium,

Pergaman Press, New York, 1961.
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III, D, Reduction of Nozzle Losses (cont.)

and equilibrium flows as nozzles designed for these cases when the comparison is

made on the basis of equal length. This can be seen from the bar chart in Figure

III-8.

2. Reduction of Dissociation Losses

There are three possible ways to reduce the dissociation losses in

a nozzle. One is to operate the engine at a higher chamber pressure, but often-

times, the chamber pressure is specified by the design and is a constraint which

cannot readily be altered. The second is to reduce the expansion rate of the ex-

haust gas in the region of the throat, thus allowing more time for it to adjust to

local conditions. The third is to increase the reaction rates of the principal

recombination reactions by the addition of catalysts. This third approach has been

discussed in the literature*, however, it was considered to be outside the scope of

this study, it being in large measure a fundamental propellant formulation problem

rather than a nozzle problem.

There are several ways to reduce the expansion rate. One is to

increase the nozzle size. The advantage of large size is automatically accrued when

a large thrust engine is specified, but changing the nozzle scale is of course out

of the question when the thrust is given. Another method is to reduce the expansion

rate in the vicinity of the freezing point by recontouring the nozzle so that no

significant increase in entropy occurs as a result of the change in contour. A

third suggested method, but one which seems to show no merit, is to alter the ex-

pansion rate by introducing a shock into the stream. The latter two methods are

discussed below.

* Eschenroeder, A. Q., Lordi, J. A._ "Catalysis of Recombination in Non-Equilibrium

Nozzle Flow", Ninth Symposium (International) on Combustion, Academic Press, New

York, 1963.

Wilde, K. A._ "Numerical Study of Hydrogen-Fluorine Kinetics in Nozzles", AIAA

Journal, February 1964.
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III, D, Reduction of Nozzle Losses (cont.)

By decreasing the expansion rate of a nozzle in the vicinity of

the freezing-point of the flow, the freezing can be delayed and a higher specific

impulse, taking into account only dissociation losses, is obtained. Calculations

were made using the Bray criterion for the flow of N204/A-50 through conical noz-

zles having various half-angles. The throad radii were i in. and 12.7 in. The

results are plotted in Figure 111-9. One can see from this figure that decreasing

the cone half-angle from 45 to 15 decreases the dissociation loss factor, C6K by

approximately .018 for both throat radii.

Generally, slowing down the expansion rate in the vicinity of the

freezing point to delay freezing will result in a longer nozzle for the same exit

area ratio. Therefore, two nozzles are better compared on the basis of whether or

not a change in the contour results in increased performance for a given nozzle

length. Three optimum nozzle contours with the same length to throat radius,

L/RT, ratio and having downstream radius to throat radius, R/b , ratios of .2, l,

and 6, respectively, are compared at different throat radii in Figure Ill-lO. Both

the geometric and dissociation losses are taken into account.

The larger RD/RT'S deferred the freezing point but gave a lower

area ratio for the same L/E T. However, the low thrust nozzles with the larger down-

stream radii gave the higher specific impulse, even though they had lower area

ratios.

There is a throat radius at which the performance of the nozzles

is equal_ but, even so, the one with the larger downstream radius has a smaller

exit diameter which might be of some advantage in saving weight. A series of these

curves would define an optimum downstream radius for each thrust level.

Since the expansion section of the optimum nozzle is arbitary,

shorter nozzles with lower dissociation losses might be achieved by substituting

other expansion sections for the toroidal sections currently used. From Figure III-

i0 and the _iot of dissociation ios_ in Appendix A, one c_i _ that the greatest
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III, D, Reduction of Nozzle Losses (cont.)

gain from recontouring will be realized for low thrust, large area ratio, low

chamberpressure nozzles.

Onecan reasonably assumethat no change in chemical composition

occurs across a shock because the passage of the gas through the shock occurs in

an infinitesimal interval of time.* Oncethe composition of the flow has frozen and

there exists a deviation of the composition from that which would exist for equili-

brium conditions for the given static temperature and pressure, the introduction of

a shock of the necessary strength will raise the static temperature and pressure so

that they correspond to somepoint further upstream in the nozzle_ but the corres-

ponding static pressure will be lower.

To gain any benefit from the new state downstreamof the shock the

expansion rate would have to be even lower than it was for the gas in the unshocked

condition further upstream. Thus, a shock in addition to its own losses, will only
increase the dissociation losses.

3. Reduction of Friction Losses

Four methods by which the shear drag on a nozzle wall might be

reduced are considered in this study. They are (a) suction of gas out of the

boundary layer, (b) cooling the nozzle wall, (c) non-steady flow, and (d) mass

injection into the boundary layer. Each of the techniques is examined in the

following discussion.

a. Suction of Gas Out of the Boundary Layer

The physical effect of suction is to remove decelerated fluid

from the boundary layer. Shear drag is reduced if enough decelerated fluid is

removed so that the transition point where the flow changes from laminar to turbulent

* R. Capiaux and M. Washingtin, "Nonequilibrium Flow Past a Wedge," AIAA Journal,

March 1963.
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III, D, Reduction of Nozzle Losses (cont.)

flow is shifted further downstream in the nozzle. This effect causes the boundary

layer to remain laminar over a greater distance along the nozzle wall, and since

the skin friction coefficient for laminar flow is much lower than for turbulent flow,

the drag is reduced. A secondary advantage of suction is that heat transfer is

reduced over the region where suction is used and the flow is laminar. Suction also

has a stabilizing effect on the boundary layer caused by the fuller velocity profile

which is less likely to induce turbulence. Figure III-ii indicates the reduction in

skin friction possible with suction.

In order for suction to be effective in reducing shear drag,

transition from laminar to turbulent flow must take place in the nozzle expansion

section. Because the flow in a rocket nozzle with combustion is generally turbulent

throughout the expansion section,* suction as a drag reduction technique will be

applicable only for cold flow nozzles such as used for attitude control.

b. Cooling the Nozzle Wall

The heat transfer and skin friction coefficients may be related

by means of Reynolds analogy because of the similarity between the velocity and

temperature profiles through the boundary layer. Because of this analogy a method

for reducing skin friction coefficients presents itself; namely to reduce the skin

friction coefficients by reducing the heat transfer coefficients.

A mathematical expression of Reynolds analogy is,

U C Cf
h = P

2

* "A Survey of the Basic Scientific Problems Associated with the Behavior of

Materials at High Temperatures," Report TG-333-I, John Hopkins Univ. Applied
Physics Lab.
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llI, D_ Reduction of Nozzle Losses (cont.)

where h is the heat transfer coefficient and Cf is the skin friction coefficient.

Writing Reynolds analogy in terms of rocket parameters results in

2 h_Rt2

cf : _Cp

An expression commonly used in calculating heat transfer coefficients is the Bartz

equation,

h

K 0.2 C • O.8

Do-2(pr)o'6

where K = constant.

Substituting into Reynolds analogy results in,

277"K_ 0°2 C • 0.86_2

Cf = D0.2 (Fr)0._- (A) W_p

2 0.8

/4 '2 )
(Pr)0'6 /

All prope_ies are evaluated at the arithmetic mean temperature defined as the average
Tw+_

of the wall and free stream temperatures_ Tam = 2 . As the wall is cooled the

arithmetic mean temperature will decrease. By examining the equation for Cf it is
_0.2

evident that the only term affected by a temperature change is the ratio (p_).6

The ratio is tempe_ture dependent and decreases with decreasing temperature as

shown in Figure III-12 for a typical rocket propellant.

The reduction in shear drag by wall cooling was determined for

a lO0,O00-1b thrust engine having an area ratio of i00 and using LOX/LH 2 propellant

and a chamber pressure of 500 ib/in. 2. The true wall temperature as well as the
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III, D, Reduction of Nozzle Losses (cont.)

assumed cooled wall and arithmetic mean temperatures are shown in Figure 111-13. By

using these temperature distributions the heat transfer coefficients were computed and

Reynolds analogy applied to obtain skin friction coefficients. The results showed a

2% decrease in shear drag. The drag loss coefficient, drag/thrust, was computed with

no correction made to account for the affect of wall cooling on thrust. This assump-

tion appears justified, particularly if regenerative cooling is employed, since the

cooling is localized in the region of the nozzle wall and the thrust is therefore only

slightly affected.

A 2% reduction in drag for the nozzle examined resulted in a

•03% gain in performance. This gain is too small to be of practical significance as

a method of reducing drag_ and it was not considered further as a drag reduction

technique.

Truitt* presents the analytical results of Van Driest which

indicate that wall cooling has the effect of increasing the skin friction coefficient.

Since the conclusion reached in this section is that the skin friction coefficient

should decrease as the nozzle wall is cooled it was necessary to determine what caused

the apparent discrepancy between the two analysis. Van Driest's results were based

on using air as the working fluid. In this report L02/LH 2 was used as the working

fluid and for comparative purposes Van Driest's equation was solved using a specific

heat ratio ( y ) of 1.2 (L02/LH2) rather than the _ = 1.4 (air) used by Van Driest.

Because the solution of Van Driest's equation required a lengthy trial and error

procedure only a few points were calculated for the L02LH 2 case, with the result that

the skin friction coefficient decreased as the wall was cooled which is in agreement

with the results of this report. The difference between Van Driest's results and those

of this report are apparently due to two factors: (i) the use of different working

fluids and (2) Van Driest's results are primarily theoretical whereas those of this

report are based upon experimental correlation of heat transfer data from actual

rocket firings.

* Truitt, R. W., Fundamentals of Aerodynamic Heating, The Honaid Press, 1960.
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IIl, D, Reduction of Nozzle Losses (cont.)

c. Non-Steady Flow

Shear drag reduction might be brought about by utilizing non-

steady flow, since if the flow were non-steady the boundary layer would not have a
chance to develop fully_and the shear drag would, therefore, be less than that

achieved under conditions of steady flow. Because the use of non-steady flow would

be based upon other system requirements, it was not considered further as a serious

candidate for reducing the drag losses in a rocket nozzle.

d. Mass Injection

Of the four possible methods of reducing shear drag, the one

chosen for further study was mass injection, because it offers the possibility of

higher performance gains than the other systems. An analytic investigation_as

initiated to establish the feasibility of mass injection as a means of improving

rocket performance by decreasing shear drag losses. The results of the analysis

indicated that performance gains were possible, and an experimental program was under-

taken to verify the analytical predictions. A description and the results of the

experimental program are presented in Section VI.

During the last 15 years much work has been done investigating

viscous and heat transfer effects caused by injecting a fluid or gas into the boundary

layer developing along a flat plate. The work on flat plates took no account of

secondary effects of mass injection such as the pump power required or the duct losses

associated with the installation. The only areas of interest were the reductions in

skin friction and heat transfer coefficients possible with injection of the fluid or

gas. When injection is used in conjunction with a propulsion system, such as a

rocket nozzle, consideration must be given to secondary effects of injection on

nozzle performance. A mass is injected into the nozzle, thrust increases because of

two effects; shear drag reduction, and the presence of additional mass within the

nozzle. Although there is a drag reduction when mass injection is used there is,
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III, D, Reduction of Nozzle Losses (cont.)

in addition, a reduction in performance caused by having some of the working gas

injected through the nozzle wall rather than letting it expand through the nozzle

throat. The effect of the drag reduction and performance decrease on total nozzle

performance is shown in Figure IIl-14. The figure indicates that for small injec-

tion rates the drag reduction has a greater effect than the performance decrease,

with the net result the total nozzle performance increases.

The reason for the reduction of shear drag with mass injection

is most easily seen by examining the momentum integral equations for the injection

and no injection cases,

_w d6_ + @ du__ 2 - M_ 2 _ * No injection
2 - dx tk_ dx + -_ See Schlichting*

O V
_w d_ + du 2 - M_ 2 _* ew w With injection

2 = _ _ dx +is Vc_ _ _V@ See Part 2 of
Appendix B

Mass injection is sometimes proposed as a film cooling technique,

suggesting the possibility of a co_oinatiom finn cooling and drag reduction by injec-

tion. However, the amount of mass flow required to adequately cool the wall is

greater than that required for drag reduction. The drag reduction effects are lost

when injection is used for cooling, because of the performance decrease caused by

ineffectively expanding the larger rates of injected gas required for cooling.

Because drag reduction was the primary purpose of mass injection, the secondary

effects of wall cooling were not studied in greater detail.

The experimental program showed that for low injection rates,

Ws/Wp_.3%, the similar terms in the two expressions are approximately equal,

* Schlichting, H., Boundary Layer Theory, McGraw-Hill Book Co., 1960.
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III, D, Reduction of Nozzle Losses (cont.)

therefore, the only difference in the two expressions is the term - _wVwU_epresent
in the injection case. This result indicates the reduction in shear stress with

with injection is less than that with no injection by the amount -_wVwU 0 .

In addition, in the region near the wall velocity gradient

decreases with massinjection, and since shear stress is proportional to velocity

gradient the shear stress should be correspondingly decreased. This decrease in

velocity gradient near the wall has been experimentally verified in tests with flow

over a flat plate. Unfortunately, the total pressure probes used in the present

experimental prograz were too large to allow probing of the sublayer region near the
wall.

In addition to the analysis presented in Part 2 of Appendix B,

detailed analyses are available in the literature.* These analyses differ in the

blowing velocity profiles assumed, the effects of pressure gradients, and the effects

of injecting either low or high molecular weight gases. The results, briefly,

indicate that low molecular weight gases are more effective in reducing shear stress,

and injection into a region with no pressure gradient results in a larger shear stress

reduction than injection into a region where a pressure gradient exists.

* See in particular, the references by Rubesin, Dorrance & Dore, Ness, and Morduchow
in the bibliography under "Drag Reduction". (Appendix 0).
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LIST OF SYMBOLS

2
Nozzle Base Area_ in.

2
Nozzle Exit Area, in.

2
Nozzle Throat Area, in.

Sonic Velocity, ft/sec

Turbopump Loss Factor

Discharge Coefficient, Defined in IiI,A,2

Thrust Coefficient

Skin Friction Coefficient

Specific Heat, Constant Pressure, BTU/lb-°F

Characteristic Velocity, ft/sec

Drag Loss

Geometry Loss

Chemical Recombination Loss

Heat Loss

Two-Phase Flow Loss

Diameter, in.

Thrust, ib

Heat Transfer Coefficient, BTU/sec ft2-°R

Specific Impulse, !bf-sec/ibm

Ratio of Chamber Pressure to Injector Face Pressure

Nozzle Length, in.

Mach Number

Chamber Pressure, psia

Pressure at Injector Face, psia

Prandtl Number

Gas Constant, ft-lbf/ibm-°R

Nozzle Downstream Radius, in.

Nozzle Throat Radius, in.

Absolute Temperature, °R

Axial Velocity Component, ft/sec

Velocity Component Normal to Nozzle Wall, ft/sec
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Subscripts

(i)
ee

gg

TC

eng

eff

1-D

W
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LIST OF SYMBOLS (cont. )

Mass Flow Rate, lb/sec

Boundary Layer Thickness, in.

Ratio of Specific Heats

Nozzle Efficiency

Combustion Efficiency

Nozzle Area Ratio

Density, ib/ft 3

Momentum Thickness, in.

Shear Stress, ib/ft 2

Denotes ideal performance values

Combustion chamber

Gas generator

Thrust chamber

Turbine exhaust

Engine

Effective

One dimensional

Refers to conditions at nozzle wall

Refers to freestream gas conditions
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Thrust-Char0ber Pressure, Ratio Versus Contraction Ratio

Figure III-3



Report _S 7-136-F

Figure 111-4
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Figure III-5
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Figure III-7
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Effect of Con'cour on Dissociation Losses in a Conical Nozzle

Figure !ii-9
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Effect o£ Changes in Downstrearq Radius on the Performance of an Optimum

Nozzle with a Length to Throat Radius Ratio of 27,6:1

Figure 111-10
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Effect of Wall Temperature on the Ratio of Dynamic ¥i_Bcoslty to Prandtl Number

FKgure III-12
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IV. MISSION ANALYSIS

A. SUMMARY OF RESULTS

The chief results of the mission analysis, illustrated in Figures IV-40

through IV-43 show that in general there are small differences in the payload carry-

ing capabilities of space vehicles employing various nozzle concepts. For lunar-

type missions, this difference amounts to 5.1% or less of payload weight, while for

Mars-type missions, it amounts to less than 10% of payload weight. The difference

in payload capability between the highest and lowest performance nozzles for pump-

fed systems may be reduced to 1.4% or less if the poor performing aerodynamic nozzle

is eliminated from consideration. Figures IV-40 through IV-45 also show that the

payload capabilities of the L02/LH 2 nozzles are approximately 30,000-1b higher than

the corresponding N204/Aerozine-50 nozzles for a velocity increment of i0,000 ft/see.

For missions requiring high velocity increments, the margin is reduced by

15,000 to 20,000 lb. The relative maximum payload capabilities of the pressure-fed

and pump-fed vehicles employing the different nozzles for a thrust-to-mass ratio of

0.286, a thrust of lO0,O00-1b, and an ideal velocity increment of i0,000 ft/sec are

summarized in Tables IV-2 through IV-5. The four tables give the maximum payload

capabilities for vehicles which use both ground assembled nozzles, and vehicles

which are boosted to orbit with disassembled nozzles for space assembly. Disassembly

allows shortening of the interstage length, with resulting higher payloads, discussed

in Section IV. D. 3. Also shown on these tables are optimum chamber pressure and

area ratio, the loss factors, specific impulse, engine weight and length, and stage

mass fraction. A comparison of Tables IV-2 through IV-5 shows that the maximum pay-

loads of the ground assembled pump-fed vehicles are 11% higher on the average than

those for the pressure-fed vehicles. Figure IV-45 shows that the weight difference

is approximately constant with increasing ideal velocity increment for all missions

of vehicles using 02/H2, but decreases somewhat for the high velocity increment

missions of vehicles using N204/Aerozine-50. The last three columns of Tables IV-2

through IV-5 are trade factors which show the effect on optimum payload of perturbing

the specific impulse, engine weight, or interstage weight. As an example, consider

the ground assembled, 02/H_,_ pump fed bell nozzle of Table IV-2. If the area ratio

IV-I
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IV_ A_ Summaryof Results (conto)

of this nozzle is increased from 250 to 300, the one dimensional specific impulse

increases approximately 1o4 sec0nds_ or o31%(Appendix A)j resulting in a payload

increase of °729 x o31 = °226%° The engine weight increases by 30 ib_ or 3o8%_and

the length increases by 17 in0, from Figures i and i0 of Appendix Go The change in

engine weight, from the trade faetor_ results in a payload decrement of only .00495

x 3.8 = .0188%,so that a net gain would result if there were no interstage and bend-

ing momenteffects° This is why the space assembled nozzle peaks at an area ratio

700, rather than the 250 of the ground assembled nozzle° The increase in interstage

weight may be determined from Figure IV-54 to be about 700 ib_ or i0o6%_which re-

sults in a payload decrement of o0191x 10.6 = .202%° By adding the payload deCre-

ments from engine and interstage weights_ and comparing this with the gain due to

specific impulse increase_ it is seen that there is approximately no change in pay-
load_ as is expected by observing the curve on Figure IV-24 between these area

ratios. It is interesting to note that the effect of interstage length has approxi-

mately i0 times the effect of the engine weight increase° Finally_ a brief look at

Figures IV-2 through IV-39 showsthat in general the payload curves of the ground

assembled pressure-fed vehicles reach a maximumbelow an area ratio of 2509 whereas

the payload curves for the ground assembledpump-fed vehicles reach a maximumat

area ratios of from 25Gto 520° This difference in the general character of the

payload curves for the pressure- and pump-fed systems is d_e to the effect of the

higher optimum chamberpressures in the pump-fed systems which results in smaller
nozzles and therefore higher area ratios and/or lower interstage weight without a

corresponding increase in pressurization system weight° Efficiencies are also higher

at the high pressures of the pumpfed systems°

Every effort has been madeto use good designs for each nozzle. Piow-

ever_ the performance is a function of somearbitrarily selected design parameters_

such as the base ratio of the forced deflection nozzle_ the number of nozzles in

the cluster_ the percent trancation of the plug nozzle, and others. The design of
each nozzle is discussed in more detail in Section II.C.
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Report NAS 7-136-F

B. MISSION SELECTION AND MODE OF OPERATION

Early in the mission analysis study, it became necessary to restrict

the types of missions and modes of operation of the space vehicles to be considered.

Consequently, two basic missions were selected: a lunar landing mission and a Mars

orbital reconnaissance mission; vehicles for both missions would be launched from

earth orbit by a space booster comparable to the NOVA third stage. (The vehicle

considered in this study may also be used as an earth orbital booster for lunar

landing missions.) The lunar mission may be accomplished either by direct lunar

landing or by placing a space vehicle into a lunar orbit in order to find a suitable

landing site. The Mars mission involves placing a space vehicle into a low altitude

Martian orbit after a typical selected transit time from earth orbit. After attain-

ing escape velocity and dropping its orbital booster, the space vehicle considered

in this study makes a midcourse correction maneuver followed by a long ballistic

flight toward its target. As the vehicle approaches the vicinity of the target, it

may make another minor course correction maneuver followed by either a landing or

an orbit injection maneuver depending on the mission, as mentioned above. Gravita-

tional losses following the orbit escape phase of the sample missions (to be des-

cribed later) were neglected, but were considered during the target orbit injection

and landing phases where the losses depend upon the thrust-to-mass ratio of the

vehicle. The return flights to earth for all missions were assumed to be accomp-

lished by the upper stage of the space vehicle being considered.

To provide a degree of flexibility for the manner in which the basic

missions are carried out, payload weights over a large range of ideal velocity in-

crements were investigated. The range of these increments (7,000 to 25,000 ft/sec)

is sufficient to allow reasonable variations in the mode of operation of the space

vehicle. The velocity increments required to execute minor maneuvers such as mid-

course and terminal corrections were substantially lower than those investigated.

However, since it is probable that the same nozzle configuration would be used both

for the major maneuvers of orbit injection and landing and for the minor maneuvers

mentioned above, the di_1"erence in performance oi" various nozzles for low velocity
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IV, B, Mission Selection and Modeof Operation (cont.)

increments is miniscule and the velocity increment requirements for the minor ma-

neuvers were lumpedwith those for the major maneuvers, thus allowing an evaluation

of the performance differences over the total increment. The case for which a

separate nozzle is designed for minor maneuverswas not considered.

C. METHODOFANALYSISDIGITALCOMPUTERPROGRAM

The payload capability of a space vehicle maybe computedfrom

WpL= (WLo WISS)_ i- _ (e-_V/glsp)_

Theassumption is madethat the vehicle loses no inert weight during the outward

flight, an assumption which is almost unnecessary for lunar missions and which may

be validated for Mars missions by the development of recycling life support systems.

To solve this equation, a light off weight (WLo) of 35,000-Ib was assumed. The

weight of interstage structure (WIss) includes not only the weight of the inter-
stage structure itself, but the decrease in the liftoff weight of the space vehicle
due to the effect of increased bending momenton the lower stages as the interstage

length is increased. The method of calculation of this weight is discussed in
Section I_C.3. A fixed interstage weight was used for the space assembledvehicles

with the assumption that all nozzles could be packaged disassembled into a fixed

volume, and assembledin orbit. A digital computer program was written to perform

the mission analysis, which sizes and computes the massfraction (A) of the stage

as discussed in Section IV_C.2 and in Appendix G. Allnozzles were assumedto have

a combustion efficiency (_c) of .98, and a nozzle efficiency (_N) computedby
methods outlined in Section III and discussed in the following section. The pump

fed systems also include a turbopump efficiency taken from Figure III-1. Twopro-

pellant combinations were investigated in this study: LO2/LH2, representative of

cryogenic propellants, and N204/Aerozine 50, representative of storable propellants.*

* Storable Liquid Propellants-N204/Aerozine 50, Aerojet-General Corporation Report

LRP 198, Revision B, October 1960.
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IV_ C_ Method of Analysis Digital Computer Program (cont.)

For each propellant combination, mixture ratio, and the selected engine performance

parameters of area ratio and chamber pressure_ a vehicle design and payload capa-

bility were calculated and then hand plotted and compared to determine maximum

vehicle performance for each of several types of nozzles. The engine weights and

lengths were taken from Figures i through 18 of Appendix Gy which depicts the re-

sults of different engine designs for the various nozzles under consideration. Note

that the weights do not include pump weight. Pump weights of the optimum nozzles

shown on Tables IV-2 to IV-5 are about 490 ib for the 02/H 2 engines and 290 ib for

the N204/Aerozine-50 engines.

i. Nozzle Performance Data

The specific impulse and the losses of each nozzle is tabulated in

Tables IV-2 through IV-5. Data was not available for calculation of all losses for

some nozzles, and estimates were made based on losses of similar nozzles. Table IV-I

lists the locations of the data used for estimating the losses of all nozzles. It

is interesting to note the effect of losses on overall performance of the vehicles.

Consider the ground assembled bell nozzle using N204/Aerozine 50 propellants.

i I

Pc cea cad Spl-O Spa

Pump fed i000 450 .0033 .0006 .0187 .9774 368.3 346.9

Pressure fed i00 ii0 .0096 .027 .0170 .9464 351.0 325.5

The small size and high performance resulting from the high chamber

pressure of the pump fed system has allowed a higher optimum area ratio, which re-

sults in a 4.94_ increase in the inviscid one-dimensional equilibrium flow specific

impulse. In addition, the pump fed nozzle efficiency has increased by 3.27_, while

pump losses only total 1.7_. There is a resulting net gain of about 6.5_ in perfor-

mance. It is interesting also that the kinetic losses have decreased from 2.7_ for

the pressure fed system to .06_ for the pump fed system, a gain of 2.6_ due primarily

to the increase in chamber pressure. It is clear that kinetic losses must be con-

sidered when optimizing chamber pressure, and when selecting between pump and pres-

sure fed systems, unless they can be reduced by methods such as suggested in Section

IIIC.2.
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IV, C, Method of Analysis Digital ComputerProgram (cont.)

2. Space-Vehicle Design Considerations

Figure IV-I shows the space vehicle configurations used in the

mission analysis study. Although the figure is a schematic, the sizes and shapes

of the depicted vehicles relative to each other are approximately correct. In

order to avoid the determination of any design criteria on an upper or lower stage

of the space vehicle, the design of the upper interstage was neglected, and its

weight was charged to the payload. The lower interstage skirt could be designed

only as far as the nozzle exit plane without violating this rule, and its weight

was charged to the lightoff weight of the upper stage. As the figures shows, the

propellant tank of larger diameter was positioned aft of the propellant tank of

smaller diameter in all cases so that the vehicle would have a cleaner aerodynamic

profile in the event it would form one of the upper stages of an earth-launched

booster. Spherical propellant tanks connected by a light, rigid sandwich intertank

structure were selected for all configurations since spheres offer the lowest ma-

terial weight per unit of contents. Since low tank pressures are encountered in

pump-fed propulsion systems, the aft tank was designed with a conical bottom on its

spherical shell to carry the thrust loading. The conical bottom was joined to the

spherical shell by a toroidal transition section. The loss in tank volumes incurred

by introducing the conical bottom was compensated by increasing the tank diameter.

Tank stiffening factors were calculated making the propellant tank weights commen-

surate with those of propellant tanks on proposed space vehicles, except that an

allowance was made for an advancing technology in tank design. Typical low weight

pressurization systems for each propellant combination were selected. For the case

of cryogenic propellants, a helium bottle pressurizes both the oxidizer tank and a

liquid hydrogen pressurizing bottle with heated helium. The fuel tank is then pres-

surized with heated hydrogen. For the case of storable propellants, a helium bottle

pressurizes both fuel and oxidizer tanks with heated helium. In both cases, the

pressurization system is immersed in the fuel tank at the temperature of the liquid

fuel.
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IV 3 C, Method of Analysis Digital Computer Program (cont.)

Further assumptions made in this study are outlined in Appendix G

together with the main equations of the mission analysis computer program.

3. Effect of Interstage l_ngth

a. Earth Assembled Space Nozzle

The engine of an earth assembled space vehicle requires an

envelope large enough to package it without disassembly. The length of this pack-

age, defined as the distance from the bottom of the propellant tank to the exit of

the nozzle, increases with nozzle area ratio and is taken as the interstage length.

Some of the very large nozzles may actually achieve a shorter effective length by

nesting the tank of the lower stage in the nozzle of the space vehicle. However,

this was not considered in the mission analysis.

An analysis was made to study the effect of an increase in

length of the interstage structure between the space vehicle and the third stage of

a three stage booster vehicle capable of launching a 350,000 ib payload into a 300

nautical mile orbit. This booster, shown schematically on Figure 52, has a takeoff

mass of over 12 million pounds and a length of about 238 ft.

A more detailed description and analysis of this vehicle are

given in Appendix J. The increase in stage weights and the corresponding decrease

in mass fraction of the boost stages caused by an increase in bending moment as the

interstage structure is increased is shown in Figure IV-53.

The effect of the weight increase of the booster is to decrease

the light off weight of the space vehicle. Since the interstage structure between

the booster and the space vehicle has the same effect (assuming the interstage is

jettisoned before firing the space vehicle), these effects may be added to give an

"effective" interstage weight which is actually the reduction in space vehicle light
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IV, C, Method of Analysis Digital Computer Program (cont.)

off weight. This effect is shown on Figure IV-54, which was used as the interstage

structure weight in the mission analysis.

The final result of this analysis is shown on Figure IV-55.

Examination of the figure reveals that decreasing the length of the interstage to

zero is roughly equivalent to increasing the nozzle efficiency of the plug and

cluster nozzles by 1%, the annular, F-D, and star nozzles by 1.7% and the bell and

swirl nozzles by 2.6%. However, the band of payloads shown is only about 1.2%

excluding the aero nozzle_ and this cannot be increased to more than 2.4% by de-

creasing the length of any one nozzle to zero.

b. Orbit Assembled Space Nozzle

An orbit assembled nozzle is disassembled before boost and

packaged into an engine compartment which is much shorter than the nozzle which is

boosted completely assembled. It is assumed that the interstage length of the orbit

assembled nozzle is independent of area ratio, and a constant interstage weight was

selected for all nozzles. Note that in some instances, such as the clustered and

plug nozzles, this length is longer than the assembled nozzles. The graphs there-

fore show that the low area ratio ground assembled cluster delivers more payload

than the orbit assembled cluster. Since this nozzle would probably not be disas-

sembled anyway because of its complexity, the interstage was not shortened further

to obtain a realistic estimate for the space assembled nozzles in these cases. The

graphs should be interpreted as not applicable when the space assembled nozzle

delivers less payload than the ground assembled nozzle.

D. DISCUSSION OF PRESSURE-FED VEHICLES

Figures IV-2 through IV-19 present the payload carrying capabilities of

the pressure-fed vehicles as a function of area ratio for different nozzle config-

urations, propellant combinations, and both ground and space assembled nozzles for

a velocity increment of i0,000 ft/sec. The cryogenic (LO2/LS 2) vehicle performance
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IV, D, Discussion of Pressure Fuel Vehicles (cont.)

was evaluated at a mixture ratio of 5:1 and the storable propellant (N204/Aerozine-

50) performance was evaluated at a mixture ratio of 2:1. The figures show that the

maximum payloads for the nozzles using storable propellants are attained at higher

area ratios than are the maximum payloads for the corresponding nozzles using cryo-

genic propellants. This is a result of the rate of change of specific impulse being

higher with N204/Aerozine-50 than with 02/H 2.

The figures also show that maximum payloads of the pressure-fed vehicles

are reached for both propellants at chamber pressures of less than i00 psi, since for

higher pressures the pressurization system and tankage become inordinately heavy.

This feature is clearly shown by Figures IV-20 through IV-23 which present payload

capabilities of the cryogenic and storable propellant vehicles as a function of

chamber pressure at the optimum area ratio of each nozzle. The maximum payloads

shown on these figures are the true maximum payloads for each nozzle because both

area ratio and chamber pressure have been optimized.* Tables IV-3 and IV-5 summar-

ize the maximum payloads given by Figures IV-20 through IV-23. The Aero nozzle

delivers a high payload for the pressure-fed systems because it is assumed that

the cylindrical shroud is foldable, and the nozzle is charged only with the length

of the primary expansion section, which has an area ratio of i0. Since the

pressure-fed nozzles are very large, length is critical and the short length of

the folded Aero nozzle gives it a considerable advantage. In addition, this

nozzle uses the high theoretical performance, rather than the lower experimental

performance.

The dashed lines shown in the plug nozzle figures denote, for each

chamber pressure, the limiting value of area ratio beyond which the plug chamber

diameter exceeds the lower propellant tank diameter and results in a poor design.

Using this criterion, it can be seen by referring to Figures IV-7, the 02/H 2 plug

has a very low optimum area ratio. The optimum chamber pressure of all the 02/H 2

pressure fed vehicles is less than 50 psi, the lowest pressure investigated, as

shown on Figure IV-21.

* Since the optimum area ratios for the curves are not identical, a comparison of

relative payload capabilities for these figures is valid only at the maximum pay-

load weights for each nozzle.
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E. DISCUSSIONOFPUMP-FEDVEHICLES

Figures IV-24 through -39 present the payload-carrying capabilities of

the pump-fed vehicles as a function of area ratio for the different nozzle config-
urations and propellant combinations, at the samevelocity increment (i0,000 ft/sec)

used for the comparison of the pressure-fed vehicles. The conical nozzle is not

included in the figures since preliminary calculations showedthat for the pump-fed

systems, its length and weight were excessive. The figures indicate that for the

space assembled nozzles, where interstage length is not changedas a function of

nozzle length, the optimumchamberpressures and area ratios are higher than the
range investigated (i.e., pressures to i000 psia and area ratios to 700). The in-

vestigation of vehicle performance at still higher area ratios was precluded by the

marginal reliability of engine weight and performance data in this region.

The payload of the vehicles which have ground assembled nozzles all

peak at area ratios in the 250 to 520 range, with the exception of the aerodynamic

nozzles. The aerodynamicnozzle is assumedfoldable from the internal expansion

section to the exit, so it is only charged with the length of the internal expansion

section, which remains constant with increasing area ratio. The interstage weight
of the other nozzles increases linearly with nozzle length and is charged to the

light off weight of the space vehicle. Since this weight is substantial, it results

in the lower optimumarea ratios.

Although the expansion ratio of the aerodynamic nozzle is high, its pay-

load performance is poor due to high losses. Note that on Tables IV-2 through IV-5

the full length of the aero nozzle is shownunder the space assembled heading,
while the length of the internal expansion section is shownunder the ground assem-

bled heading. It is also interesting that the order of the nozzles is roughly re-

versed between the ground and space assembled nozzles, indicating that the shorter

nozzle does show a payload advantage when the interstage and bending moment_eight

effects are considered. However, excluding the aero nozzle, the payload of the

ground assembled nozzles lies within a band of from 1 to 2%of the total payload.
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IV, E, Discussion of Pump-FedVehicles (cont.)

As was the case for the pressure-fed systems, the nozzles using N204/
Aerozine-50 have payload curves which peak at a higher area ratio than the curves

for nozzles using LO2/LH2. This is due to the higher rate of increase of equilib-
rium specific impulse with area ratio for the storable propellants. Current vehicles

have area ratios which are considerable less than the optimum area ratios shownon
Figures IV-41 and IV-43. If a modestarea ratio bell nozzle on an existing vehicle

maybe replaced with another nozzle of the samelength, but a higher area ratio

(and necessarily a higher diameter), such as a cluster of nozzles, or a plug or

forced deflection nozzle, a payload increase maybe realized, as shownin Figures

IV-44 and IV-5. The abcissa on this plot is the area ratio of a bell nozzle_ and

all nozzles are comparedat the length of a bell nozzle of area ratio. Note

that at a length equivalent to a bell nozzle of area ratio i00_ the cluster has an
area ratio of 700.

F. PAYLOADCAPABILITIESFORSPECIFICMISSIONS

Figures IV-46 through IV-48 present the payload capabilities for the

pressure-fed and pump-fed vehicles for both propellant combinations at their opti-

mumoperating conditions for three ideal velocity increments. The optimum area

ratios were assumedto be the sameat all velocity increments for these figures.

An area ratio optimization at a velocity increment of 20,000 ft/sec was conducted

for the pumpfed, ground assembled nozzles and is shownon Figures 50 and 51. It

maybe seen that the optimumarea ratio increases somewhatwith increasing velocity

increment, although the effect is small. For the space assembled pump-fed vehicles,

the optimum area ratio was taken at 700, the highest area ratio investigated. The

upper edge of the cross hatched band represents the payload of the space assembled_

pressure-fed nozzles. The lower edgeof each band represents the payload of the

ground assembled nozzles for the pumpand pressure fed systems respectively.
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IV, F, Payload Capabilities for Specific Missions (cont.)

A general comparison of the three figures shows that there is a large

gap in payload capability between the ground assembled aerodynamic nozzle and the

other nozzles for the pump-fed systems whereas this gap disappears for the pressure-

fed systems. It mayalso be seen that the bell and swirl nozzles showhigher payload

capabilities than the rest of the nozzles when assembled in space, although their

margin over the rest of the nozzles is extremely slight. The cluster and plug

nozzles showhigher payload for the ground assembled nozzles where length is a premium.

Although the above-mentioned facts are of someinterest, the most noteworthy feature
shownin Figures IV-46 through IV-48 is that the difference in payloads amongthe

various nozzles is small for each system considered_ if each nozzle is comparedat

its optimum area ratio. If all nozzles are comparedat a given length, the shorter

nozzles such as the plug and forced deflection nozzles will have higher area ratios

and therefore deliver high payloads.

To illustrate typical mission requirements_ the required ideal velocity

increments for the three sample missions given in Table IV-If are marked on the

curves of Figure IV-49. These ideal velocity increments were calculated from infor-

mation given in the references.* All missions were considered to begin after escape

from a 33-nm circular earth orbit to makea comparison of payload weights of the

space vehicle and interstage structure was held constant at 350,000 ib for all
missions.

SampleMission i involves making a direct lunar landing with the

space vehicle following a 2.5 day transit for earth orbit. SampleMission 2 entails

making a lunar landing from a 100-nm circular lunar orbit again following a 2.5-day

transit from earth orbit. The lowest ideal velocity increment for which the figures

(i)

(2)

(3)

"Propulsion Requirements for Space Missions", Rocketdyne Report No. R-3208,

Vol. iii_ May 1961.

Moeckel, W. E. "Departure Trajectories for Interplanetary Vehicles", NASA

TN D-80, Nov. 1959.

Weber, R. J._ Pauson_ W. M., and Burley_ R. R., "Lunar Trajectories", NASA

TN D-866, Aug. 1961.
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TABLE IV-I

LOCATION OF PERFORMANCE DATA USED IN TEE MISSION ANALYSIS

Losses

Nozzle Geometric Drag Kinetic

Aerodynamic

(ep=lO)

Annular

Bell

Cluster of 7

Bell Nozzles

Cone

Forced Deflection

( QB" 25)

T1_m_cat ed Plug

(20%)

Star (8 Throats)

Swirling Flow

(o_*-.5)

Aero (Figure F-4)

Ann (Figure C-l)*

Bell (Figure C-l)

Aero (Figure B-24)

Ann (Figure B-25)

Bell (Figure B-II)

Bell (Figure C-l)

Cone (Figure C-l)

F-D (Figure C-I)

Bell (Figure B-II)**

Cone (Figure B-12)

F-D (Figure B-18)

Plug (Figure C-5) Plug (Figure B-15)

Same as Annular Same as Annular

Bell (Figure C-l)*** Swirl (Figure B-21)*_ _e_

Same as Bell

Same as F-D

Bell (Figure A-32

& 34)

Bell (Figure A-32

34)**

Same as Bell

F-D (Figure A-44 &

_6)

Plug (Figure A-38

40)

Same as Annular

Bell '(Figure A-32

& 34)

* The two dimensional wedge losses (Figure C-l) were modified as discussed in

Appendix C as a conservative (low) estimate of these losses.

** Note that these loss are for a thrust level per nozzle of 1003000/7=14,300 lb.

*** Taken at the geometric area ratio of the nozzle.

**** Taken at the effective area ratio of the nozzle. This may be determined from

Figure II-10. For example, a nozzle with a geometric area ratio of lO and a

swirl magnitude of 0.6 would have an effective area ratio (o<*--O) of 60.

Table IV-I
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TABLE IV-6

SPACE-VEHICLE VELOCITY REQUIREMENTS

Direct Lunar Landing (2.5-Day Transit Time)

Maneuver mV Required (ft/sec)

Midcourse Correction

Direct Lunar Landing

300

8,900

TOTAL 9,200

Lunar Landing from lO0-nm Circular Orbit (2.5-Day Transit Time)

Maneuver AV Required (ft/sec)

Midcourse Correction

Establishing a lO0-nm Orbit

Establishing a Terminal Elliptical Orbit

Descent from Terminal Orbit

Hovering and Landing

300

3,375

6o

5,86o

670

TOTAL i0,265

Injection into lO0-nmMartian Circular Orbit (260-Day Transit Time)

Maneuver _V Required (ft/sec)

Midcourse Correction

Terminal Correction

Establishing a lO0-nm Orbit,

Allowing lO_O00 ft/sec for

Atmospheric Braking

1,000

1,000

14,500

TOTAL 16,500

Table IV-6
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Figure IV-2
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Figure IV-4
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Figure IV-5
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Figure IV-6
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Figure IV-7
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Figure IV-8
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Figure IV-9
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Figure IV-lO
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Figure IV-11
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Figure IV-13
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Figure IV-14
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Figure IV-15
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Figure IV-16
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Figure IV-18

q.a

I

N
N

O O

._1

o_ I

0_.1
_ N

• ,-I Z
,,-t
..el

0

I

I

I
I
I
I

I
I

I
I

I
l

I
l
I

I
I

I
I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

Report NAS

Figure

7-1 36-F

IV-19

g

I N

0

0 _.,
•,.t _z_

0

,<

_d
I

N.,-t

0
m gl

_0

.,-I

,11

.,11

o
,-t



Report NAS 7-1 36-F

Figure IV-20
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Figure IV-21
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Figure IV-23
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Figure IV-24
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Figure IV-26
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Figure IV-27
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Figure IV-28
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Figure IV-30
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Figure IV-31

4.J
to

"0

I

v=4
N

_Z

•PJ U
•,'4 .,'4

to

tO 0

.,.4
*-.4
,,.4

0
,-4

t_



Report NAS 7-136-F

Pigure IV-32
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Figure IV-33
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Figure IV-34
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Figure IV-36
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Figure lV-37
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Figure IV-38
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Figure IV-39
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Figure IV-40
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Figure IV-42
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F_gure IV-43
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Figure IV-46
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Payload Comparison of All Nozzles AV = 15,000 ft/sec

Figure IV-47
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Payload Comparison of All Nozzles &V = 20,000 ft/sec

Figure IV-48
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Payload Capability Bands

Figure IV-49
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Figure IV-50
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Figure IV-51
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BOOST V_{ICLE CONFIGURATION
_-DRBF_DING _._O_,_NT_/_ALYSIS
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Effect of Increased Bending Moment on Boost Stage Weights and Mass Fraction

Pigure IV-53
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Figure IV-54
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Payload Weight of an LO2/LH 2 Pump-fed Vehicle Versus Interstage Length

Pigure IV-55
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V. DESIGN OF EXPANSION NOZZLE

A. SUMMARY

One of the conclusions of the mission analysis is that optimum area

ratios for space nozzles are very high. A brief study was therefore undertaken to

determine the major problem areas associated with the design of very high area

ratio_ radiation cooled nozzle skirts. A requirement for high gimbal rates could

result in excessively heavy nozzles to ......+p....... buckling _ _ _res ratio _s

However, thrust vector control is not required except for angular misalignment

corrections, which may be accomplished at a relatively slow rate and will pose no

serious design problem for the high area ratio nozzle. The primary space hazard

to the high ares ratio nozzle skirt is puncture by meteoroids, although the losses

in specific impulse caused by the most probable number of punctures is less than

.064%. Static design of the high ares ratio nozzle poses to serious design problem.

The results of the dynamic design study indicate that further experimental and

analytical work need to be done before a satisfactory evaluation of the ability of

large, area-ratio, thin-walled nozzle extensions to withstand their operating

environment can be made.

B. THRUST VECTOR CONTROL REQDiREkh_TS

It has been previously stated (Section II-C) that thrust vector control

was not included as an engine requirement because only slight control of a space

vehicle is required, primarily to correct for errors in misalignment between the

thrust vector and the vehicle center of gravity. Trajectory changes and turns are

made by properly orienting the vehicle prior to firing. Vehicles which have

parallel or other unique tank designs may have considerable shifts in location of

the center of gravity, requiring a change indirection of the thrust vector to main-

tain alignment. However, this change will in general be at a slow and steady rate,

and will pose no serious design problem for the high area ratio nozzle.

V-I
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V, B, Thrust Vector Control Requirements (cont.)

An investigation was conducted to determine the TVCrequirements for

engine lateral and angular misalignment based on upper stage configuration of the

SATURNand NOVAclass vehicles. Lateral misalignment on existing engines is

approximately 0.25-in. or less. Therefore, the torque created by lateral misalign-

merit can readily be calculated in regard to various engine thrust levels. Figure V-I

shows the expected range of the lateral misalignment torque. It should be noted that

the torque requirements are substantially lower than that which would result from the

0.5 ° angular misalignment shownin Figure V-2.

A separate TVCengine will in general be unfeasible to correct for

misalignment torque becauseof the propellant w_ight penalty, since it must fire

for the full duration of the mminengine firing. A gimbaled main engine appears to

be the simplest methodof correcting for misalignment, a!though the method may differ

radically from conventional designs. A jack screw on the thrust frame appears to

offer a good method to make the small corrections required, and warping of the nozzle

is another possible method. In any event, the low rates required will not be restric-

tive to the design of thin walled, radiation cooled, high expansion ratio nozzle
skirts.

C. ENVIRONMENTALREQUIREMENTS

Nozzle and thrust chambermaterials in space are subject to three

hazards not encountered near the earth's surface: radiation, high vacuum, and

meteoroids. The damagefrom radiation is restricted mostly to organic materials,

whereas high vacuumadversely affects both metals at high temperatures as well as
polymers. Meteoroids, of course, can damageany material.

In Appendix I, it is shownthat allowing meteoroids to puncture the

unprotected radiation cooled skirt of a very large area ratio nozzle will only

slightly diminish the specific impulse_ an upper bound of the loss for the case

considered being .064¢. Also, the net side thrust resulting from the punctures

V-2
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V, C, Environmental Requirements (cont.)

is likely to be close to zero. The weight of shielding required to prevent

punctures in the skirt would be excessive although this is not the case for the

protection necessary for the regeneratively and ablatively cooled portions of the

nozzle. The problems of these sections are the same, independent of area ratio,

and do not affect the conclusion that shielding is not required on the radiation

cooled skirt.

Metals for practical purposes are not affected by radiation. At high

temperatures, in the vacuum of space, some metals will evaporate in significant

amounts. For titanium with its low vapor pressure, this should not be the case**,

but if chromium and magnesium or alloys containing them, for instance, are sub-

jected to temperatures much above 503 of their melting points, this loss must be

taken into consideration.

D. STATIC DESIGN

An analytical study was made to determine the static loads occurring

in two nozzles. The exit area ratio of both nozzles w_s 200. These nozzles w_re

designed for engines having a nominal thrust of i00,000 pounds im space. One nozzle

was for an engine operating at a chamber pressure of 500 psia and the other at a

chamber pressure of i000 psia. 0nly static loads occurring in vacuum conditions

were considered. Figure V-3 is a plot of the nozzle contours considered.

A design which would support the static loads at the temperatures

encountered was made for each nozzle and the w_ights of these two nozzles were

computed. The static loads occurring in the nozzle results from the pressures

acting on the nozzle plus any accelerations the nozzle may be subjected to. The

loads resulting from accelerations were neglected because (i) longitudinal

**McQuillan, A. D., Titanium, Butterworths Scientific Publications, London,

v-3
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acceleration (which results from thrust and therefore will be by far the greatest

acceleration the nozzle will encounter) tends to reduce the axial compressive load

on the nozzle, and (2) lateral acceleration loads are assumed to be small since

they result from only the attitude control system or from gimbaling at low rates

through a small angle (1/2 ° ) to compensate for thrust misalignment only. Accelera-

tion loads occurring during boost will have little effect on the nozzle design or

weight. The nozzle is assumed to be supported during boost so that no additional

nozzle structure is required.

The static loads resulting from the pressure of the gases in the nozzle

(Figure V-4) were resolved into two components. One component (radial) causes hoop

tension in the nozzle. The other (axial) results in axial compression and causes

the desired thrust resulting from the use of the nozzle extension. Figure V-5 is

a plot of the axial load in pounds per circumferential inch versus area ratio.

Figure V-6 is a plot of the hoop tension distribution.

Unstiffened nozzles were designed to withstand the static loads. The

material considered was titanium and the attachment points were determined by the

temperature limitations of this material. At all stations, the critical design

load was the axial load_ therefore, the modulus of elasticity at the temperatures

involved is the designing physical property. A plot of the wall temperature versus

area ratio appears in Figure V-7.

T_e wall thickness at various stations along the nozzle was calculated

from the following equation*:

_cr = 9E Ct)l'6
COS @

*Koelle, H. H., Handbook of Astronautical Engineering, McGraw-Hill Book Co., Inc.,

New York, 1961, pp. 22-27.
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Where E

t =

r --

@ =

Modulus of elasticity

Wall thickness at station

Radius at station

Angle of tangent to nozzle contour at station to axis

Hoop stress was checked at each station but was not critical at any station checked.

Figure V-8 is a plot of the wall thickness for the two nozzles analyzed.

Weights of both nozzles were calculated from the thickness, surface area

and density of the material used. Figure V-9 is a plot of nozzle weight versus area

ratio for the two nozzles. This chart does not reflect the weight of nozzles of

area ratio other than 200, since nozzles of other area ratios would have different

contours. For the purposes of this study, a minimum thickness of .005 in. was

assumed. The ntinimum thickness that could be used is really a function of cost

since manufacturing tolerances are more stringent and handling is more difficult

with more rejections resulting.

The large diameter thin sections of the nozzle could be stiffened by

the addition of one or two low density foam rings and appropriate supporting

structure. The requirement for this stiffening arises from the boost loads only and

the stiffening structure would be jettisoned upon vehicle separation. Extensive

stiffening is not required since it is only necessary to stabilize the section at

an area ratio of about 150 to prevent collapse during lateral accelerations of the

boost vehicle. With this section stabilized (with respect to the engine) the up

stream portions of the nozzle are reasonably stiff since the modulus of elasticity

of the material is much greater at the non-operating temperature than at the design

temperature and the thickness diameter ratio is greater.

The nozzle weights computed for this study were comparable to the

weights previously computed for use in the mission analysis, and further refine-

ment was therefore not considered .justified. ExDerimental information derived

v-5
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V, D, Static Design (cont.)

subsequent to the preparation of the wall temperature distribution has shown that

the temperature estimates may be somewhat low° If the _all temperature is

increased 300°F over those shown in Figure V-7, titanium would not be satisfactory

as a material, If a columbium alloy (Wah Chang C129 or Fanstul F-85) was used for

the entire radiation cooled portion of nozzle, the weight of the nozzle extension

would be increased by approximately 40_. This would result in an overall increase

of engine weight of approximately i0_. Since even major increases in engine weight

have little effect on payload, the conclusions in this report would not be changed

by optimistic weight estimates resulting from low estimates of wall temperature

and/or material physical properties.

Eo S=_IUC_D_AL DYNAMIC ANALYSIS

A subcontract was let to ARA Inc. to make a structural dynamic analysis,

presented in Appendix K, of large area ratio nozzle extensions. Considerable

difficulty was encountered in its development, as evidenced by ARA's submittal of

two rather extensive revisions of the original analysis. The equations derived

in this analysis were used to calculate the vibrational environment which would

cause buckling for a series of 100,000-1b thrust nozzles and one 8000-1b thrust

nozzle for a chamber using N204/Aerozine-50 at a mixture ratio of 2.0 and a chamber

pressure of i00 psis. The dimensions of these nozzles are given in Table V-I*.

_e extensions of the 100, O00-1b nozzles are attached at an area of 6 and that of

the 8000-1b nozzle at an area ratio of 7o2. For all the nozzles, from the attach-

ment point to an area ratio of 15, the extension was made of columbium and from an

area ratio of 15 to the exit of titanium.

The only vibrational mode that was considered in the analysis was the

bell mode. The natural frequency, and the corresponding bell mode and mode shape

numbers were computed using an existing Aerojet computer program. These data are

given in :!_ble V-2.

*i_e symbols used in the tables are defined in Appendix K.
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V, E, Structural Dynamic Analysis (cont.)

The calculated accelerations which these nozzles can withstand is given

in Table V-3. GC is the tolerable acceleration with no gas flow through the nozzle

and GD is the value during the engine firing. GD is considerably larger than GC, but

still, the values of both for the lO0,000-1b thrust nozzles are rather small.

Increasing the nozzle wall thickness from .015 in. to .025 in. had little appreciable

effect on GD but it did increase GC. The natural frequencies of these large nozzles

is very low and information on the presence of these frequencies in the nozzle

operating environment is not readily available.

The nozzle for the 8000-1b thrust nozzle had a GC of .593 and a G D of

2.406. This nozzle has been fired and, so far as is known, no failures have resulted

from bell mode type buckling. Unfortunately, the vibrational environment during

these firings was not determined. From a NASA report on the subject*, one would

conclude that_ at the natural frequency, the nozzle was subjected to a sinusoidal

peak load of about 3.0 G's.

From these results, one would conclude that the large area ratio,

100,O00-1b thrust, extension nozzles are impracticable and that the design of the

existing 8000-1b thrust nozzle in marginal. However, far more experimental work

needs to be done, both in the determination of the environment and in the verifica-

tion of the analysis before the above assertions can really be made.

*I_rrett, R. E., "Techniques for Predicting Localized Vibratory Environments of

Rocket Vehicles," NASA TN D-1836, October 1963.
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TABLE V-I

DIMENSIONS OF NOZZLES USED IN DYNAMIC ANALYSIS*

Nozzle Area Ratio ro rt i io h

i** 36.2 31.8 13.15 182.5 51.2 .015

2 i00.0 31.8 13.15 325.9 51.2 .015

3 155.0 31.8 13.15 432.9 51.2 .015

4 276.0 31.8 13.15 566.0 51.2 .015

5 36.2 31.8 13.15 182.5 51.2 .025

6 I00.0 31.8 13.15 325.9 51.2 .025

7 155.0 31.8 13.15 432.9 51.2 .025

8 276.0 31.8 13.15 566.0 51.2 .025

9* 40.0 10.58 3.94 58.2 39.7 .030

*For an explanation of these symbols, See Figure i, Appendix K.

**Nozzles 1-8 have a thrust of approximately i00,000 ib; nozzle 9 is a thrust of

approximately 8000 ib for N204/A-50; MR 2.0; Pc i00 psia.

Table V-I
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TABLE V-2

NOZZLES MODE NUMBERS, NATURAL FREQUENCIES, AND MODE SHAPES*

Mode Shapes

Mode AI A2 A3 A4 A5Q0N Number

I 2.223 I0 1.0 -.57067375 .12143189 0.0 0.0

2 .705 8 1.0 -.79410314 .23472162 0.0 0.0

3 .457 7 1.0 -.87944006 .28376224 0.0 0.0

4 .269 7 1.0 -.90481354 .29760514 0.0 0.0

5 2.795 8 1.0 -2.292 3.888 -3.32 1.069

6 .896 7 1.0 -.283 -.908 .965 -.288

7 .568 6 1.0 -.953 .118 .371 -.172

8 .316 6 1.0 -1.827 1.915 -1.086 .259

9 15. i 6 i. 0 -. 32101583 6. 3936225 -5.8289310 1.9439450

*For an explanation of the terms used in this table, see Appendix K.

Table V-2
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TABLE V-3

CALCULATED MAXIMb_ ACCELERATIONS THAT NOZZLES CAN WITHSTAND

Nozzle GD, g's GC, g's

1 .3199 .0123

2 .2273 .00235

3 .i749 .00ii9

4 .2113 .000757

5 .2601 .O225

6 .3455 .00637

7 .1766 .00243

8 .2054 .00159

9 2.406 .593

Table V-3
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Engine Thrust Versus Lateral Misalignment Torque

Figure V-1
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Figure V-2
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Nozzle Contour, Rao Optimum Nozzle

Figure V-3
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Axial Load Distribution

Figure V-5
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EXPERIMENTAL PROGRAMS
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A. SUMMARY

Cold flow experimental programs were subcontracted to the FluiDyne

Corporation to investigate the performance of the swirling flow and aerodynamic

nozzles, and the reduction of drag losses by injection of secondary flow into the

boundary layer. The basic programs for these investigations are given in

m _7±a_e _-i. The _--_aml'c no_"_ ....._o_ tested with _v_r_ area r_u_^- and cone

angles on the initial expansion section, in an attempt to optimize the internal

expansion nozzle. However_ performance was poor, and this nozzle should probably

not be considered further as a serious candidate for space applications. The

swirling flow nozzle was tested with straight axisymmetric flow, and at two swirl

magnitudes and corresponding flow rates. The results show very close agreement

with the predicted pressure distribution in the chamber, indicating that flow

approximating an irrotational vortex was achieved. Performance was lower than

predicted, although it improved at the second (higher) swirl magnitude, indicating

the proper trend and suggesting that performance could be improved by optimizing

the swirl inducing technique. The concept shows promise of providing increasing

performance on a throttleable nozzle as thrust is decreased.

Two porous wall models were fabricated to verify the reduction of shear

drag by injection into the boundary layer. A two dimensional nozzle was constructed

with transparent end walls so that the boundary layer could be observed during

injection, and a cone was used to obtain a more accurate measurement of performance

effects. The primary flow was air, and nitrogen and helium were used as injectant

gases in both models. Boundary layer growth was observed in the 2-D wedge without

shocks. Although turbulent flow was expected in the models, indications are that

the flow was laminar throughout the two dimensional wedge, and over a portion of

the cone. The total drag was therefore less than predicted, and experimental

accuracy was critical. The trend of the data indicates that little or no perform-

ance increase was achieved with nitrogen injection, although the helium did reduce

the drag, as shown on Figure VI-55.

VI-l
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Experimental data was also available from a subscale Apollo engine which

could be used to verify chemical kinetic losses, with assumedcorrect losses pre-

dicted for geometry_ drag, and heat losses. The results of this comparison (Table
VI-4) indicate that the experimental losses of this engine are from 50 to i00_ of

the theoretical losses predicted using the Bray criterion.

B. COLD FLOW PROGRAMS

i. Facility Description

The model tests were performed at FluiDyne's Elk River Aerodynamics

Laboratory, Minnesota. Static thrust data were obtained in Channel 8, a cold-flow

axisym_.etric free-jet thrust stand specially designed for high pressure ratio

operation (Figure VI-I & VI-12). Photographs showing the test area and models

installed in the facility are presented in Figure VI-6 & V1-12.

High pressure air from the facility storage system-(2,370 ft 3 at

500 psi) was throttled and discharged through the model into the test chamber.

Test chamber pressure (ambient to the model) was controlled by throttling the flow

as it exhausted to the atmosphere through the exit bellmouth diffuser. Low test

cell pressures are maintained by the two-stage (air followed by steam) ejector.

The Channel 8 data consisted of measurements of balance forces,

nozzle contour static pressures_ air flow rates, model total pressure, test chamber

pressure, and inlet pressure measurements necessary to calculate the nozzle thrust

from the balance force.

The force balance, instrumented to measure the axial thrust vector,

was mounted within the test chamber as shown in Figure VI-I. This balance was

structurally isolated from the inlet air ducting by means of a thin rubber membrane

seal. The force on the model assembly downstream of the seal was transmitted via

VI-2
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VI, B, Cold Flow Programs (cont.)

the balance strain gage elements to a digital readout system. The balance and seal

combination were calibrated in-place under simulated operating conditions. The

mechanical details of the seal and inlet ducting can be seen in Figure VI-2.

Various other items of test hardware such as mercury and Meriam fluid manometers,

precision pressure gages, and electronic readout equipment were available for the

test measurements.

2. Model Description

Four basic models were tested: a swirling flow nozzl% an aero-

dynamic nozzle_ a two-dimensional wedge with porous wslls_ and a conical nozzle

with a porous wall. General descriptions of these nozzle types are given in

Section II, C. Two swirling flow chambers and five aerodynamic internal expansion

sections were used. All models had the same overall area ratio and throat area.

The inlet geometry of the axi-symmetric nozzles had the same inlet geometry

immediately upstream of the throat. The models are discussed separately below.

a. Swirling Flow Nozzle

The experimental nozzle (referred to as Model i0) is a

standard Rao-optimized method of characteristics nozzle designed for nonswirling

flow. It has an area ratio of 58.67:1, and was used in a previous contract

(AF 04(611)-8017) with non-swirling flow. Instrumentation consists of static

pressure taps arranged in a spiral (every 20 ° ) on the nozzle contour at axial

locations shown in Figure VI-3. The model was originally one piece but was modi-

fied for this program by separating the expansion section from the inlet section

at the geometric throat. The inlet for all models tested in this program is shown

in Figure VI-4. Two swirl chambers were used with this nozzle_ as described below.

V1-3
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VI, B, Cold Flow Programs (cont.)

(i) Swirl Configuration i

The first swirl chamber, shownin Figure VI-2, was

instrumented with static pressure taps on the upstream plate, and two total

pressure probes. The probes proved unsatisfactory (discussed in Section VI, A,

4_ a). The injection geometry, as well as the pressure tap locations are shown

in Figure VI-5.

(2) Swirl Configuration 2

This chamberwas designed with the aid of test results

from the first swirl configuration and was intended to provide a greater swirl

intensity and a shorter model length (to permit shadowgraphobservation of the

exit flow). The model is shownin Figures VI-2, VI-6, VI-7, and VI-8. The injec-
tion area of this chamber is 69.5_ of the injection area of swirl configuration i.

b. Aerodynamic Nozzle

An assembly of all aerodynamic nozzles is presented in

Figure VI-9 and model photos are shown in Figures VI-10 and VI-7. The outer

cylindrical shroud provides an overall geometric area ratio equal to that of the

swirling flow nozzle. The initial expansion section is a conical nozzle in all

cases, with varying half-angles and expansion ratios.

Instrumentation consists of probes to measure total pressure

at the inlet of the model (Figure VI-9) and static taps on the shroud contour

(Figure VI-II). The five internal expansion sections are discussed below.

(i) Internal Expansion = 1.01, o< = i0 °

This nozzle was tested with and without secondary bleed

flow in the shroud cavity. The injection ports for the bleed tests are shown in

VI-4
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VI, B, Cold Flow Programs (cont.)

Figure VI-4. The holes were enlarged for succeeding tests in order to increase the

bleed flow rate.

(2) Internal Expansion = 5, o< = i0 °

(3) Internal Expansion = 5, _ = 20 °

The roughness of the shroud interior was varied for this

model by installation of aluminum oxide sandpaper liners. This internal expansion

section was also tested with a flexible shroud, fabricated from thin (0-.002 in.)

Mylar (Figure VI-II).

(4) Internal Expansion = 5, o< = 30 °

(5) Internal Expansion = 20, o_= 20 °

c. 2-D Wedge Nozzle with Porous Walls

_fle two-dimensional wedge model has glass sidewalls and

porous diverging walls as shown in Figures VI-12 and VI-13. Eight injecting

plenums were provided in each of the porous walls. Shutoff valves on each plenum

allowed selection of the injection location. During the test program injection

locations consisted of the upstream 2, 3, 4, and 8 plenums per side. Instrumen-

tation included total pressure taps at the model inlet and 17 static pressure taps

located on the nozzle expansion section. The model had a nominal throat area of
2

0.37 in , a nozzle wall half angle of 15 degrees and an area ratio _f sixty. The

secondary flow system was designed for both nitrogen and helium injection.

d. Conical Nozzle with Porous Wall

The conical model with a conical porous wall insert is shown

in Figures VI-12 and VI-14. The secondary gas was injected through eight annular

plenum chambers. Shutoff valves were used to provide the means by which injection

VI-5
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VI, B, Cold Flow Programs(cont.)

location was selected. Pressure instrumentation included total pressure taps at

the model inlet, 8 static pressure taps along the expansion section and 8 plenum
2

chamberpressure taps. The model had a nominal throat area of 0.37 in , a nozzle

half angle of 15 degrees, and the nozzle area ratio was sixty.

The porous material used for both models was obtained from

Huyck Metals, Inc._ and is sold under the brand name "Feltmetal." The material

is isotropie and was fabricated by sintering randomly oriented stainless steel

fibers. The properties of the material used in the test program are listed below.

(i) Density - 40_

(2) Plate thickness - 1/4 in.

(3) Permeability - 17.9 SCFM/ft 2 at P = 2 psi

(4) Average hole size = i0 microns

Boundary layer total pressure surveys were made at both

nozzle exit planes using the probes shown in Figure VI-15o The wedge type probe

was originally fabricated for another test program°*

The purpose of the secondary flow system was to meter and

distribute the secondary flow to the various plenums in the model. The secondary

system is shown in Figure VI_16, and consists of a high pressure ga_ supply

reservoir, pressure regulator_ solenoid valve, metering orifice, capillary tubes,

shutoff valves, model injection plenums, and the metal porous wall. Injection

rates of up to 24 of the primary mass flow could be achieved for nitrogen injec-

tion and up to 14 for helium injection° Since an axial pressure gradient exists

_l_ornberg, G. Ho, "Investigation of Exhaust Thrust Performance and Skin Friction

Drag of Two High Area Ratio Exhaust Nozzle Configuration," FluiDyne Project 0303,

Sept. 1963.
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VI, B, Cold Flow Programs (cont.)

along the length of the nozzle and the secondary system has a common stagnation

plenum it was necessary to have a different pressure drop between the stagnation

plenum and each of the individual injection plenums. Because of the infrequent

use of this type of flow metering device and to insure confidence in the system,

a calibration was made at capillary lengths near those calculated for each tube

to be used. Briefly, the technique used in calibrating was to record the constant

stagnation p_e_,_7.... pressure and +_e time required to displace a kno_ volume v_

water. Using this information the mass flow to each of the individual plenums was

found. The measured values agreed well with the calculated values. A metering

orifice was incorporated into the secondary flow system upstream of the stagnation

plenum as a check on the capillary tube total flow rate. Prior to testing with

the injection systems the total mass flow through the orifice meter was compared

with the total mass flow rate from all the capillary tubes. These two independent

checks on mass flow agreed to within 2_.

3. Results

a. Swirling Flow Nozzle

In order to compare performance model i0 was tested with both

axial and swirling flow. Swirling flow was established by passing the supply air

between concentric cylinders and through tangential holes in the inner cylinder.

The resulting swirl is shown for Swirl Configuration 2 by the streaking of spots

of a glycerine -lampblack mixture placed on the nozzle walls in Figure VI-17.

There are two sets of streaked streamlines in the expansion section (model exit)

of the nozzle. The heavy set, which shows a high degree of swirling, was estab-

lished during startup when the flow was subsonic. As pressure ratio was increased,

the nozzle became supersonic and lighter streaks may be observed emanating from the

heavy lines in a nearly axial direction. The one-dimensional analysis predicts an

exit angle of 2.78 ° between the flowand a plane through the axis.

VI-7
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VI, B, Cold Flow Programs (cont.)

The ratio of the mass flow in the first swirl configuration to

the one-dimensional mass flow through the samethroat area was 0.536. The second

swirl configuration had a mass flow ratio of 0.356. These mass flow ratios corres-

pond to swirl magnitudes of 0.261 and 0.356, respectively (Figure II-ll).

The wedge pressure probe shown in Figure VI-2 was intended to

be used for measuring flow angles and total pressure in the swirl chamber. However,

it was noted during tests with Swirl Configuration I that both the radial position

and the angle of the probe disturbed the flow considerably. This is a result of the

flow being nearly circumferential, in which case all of the flow would pass over the

probe. In addition, the readings are of uncertain validity, since the probe sits in

its own wake, and at the center of the flow the dimensions of the probe itself

result in swirling around the probe rather than into it. Variations in the static

pressures read at the upstream plate of the swirl chamber were noted, as well as

variations in the weight flow rate, as the position and angle of the probe were

varied. The probe was therefore removed for all runs where data was taken. A

single 0.065-in. 0D stainless-steel tube, bent 90 ° at the end (Figure VI-2) was

substituted for the wedge probe with less disturbance. However, it was also removed

for all runs where data was taken. The total pressure reading on this probe was

approximately the same as the static taps at the wall (taps 28 and 31) of the chamber,

and the wall pressure was used as model total pressure for all swirl tests.

The swirl chamber (upstream plate) radial pressure distribu-

tion was recorded for both of the swirl configurations, and is presented with the

theoretical pressure and Msch number distributions in Figures VI-18 and VI-19. The

method used for calculating the theoretical curves is given in Appendix H. The

good agreement of theory and experimental data indicates that the swirl introduced

into the chamber approximated an irrotational vortex very closely. The Mach number

distribution will be identical to the theoretical value, if the theoretical pressure

distribution is taken as the curve fit of the experimental data. Keyes (referenced

in Appendix H) calculates the experimental Maeh number distribution by measuring the

slope of a curve through the experimental points and using the relation
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VI, B, Cold Flow Programs (cont.)

M2 _ r'
T P' dr'

where r' = r/rwall

P' = P/Pwall

_nis equation is essentially the same as used in this study

for the theoretical curve, except that it neglects the axial velocity component

(Appendix H). The experimental Mach number calculated by this meghod yields reason-

able agreement with the theoretical Mach number, except at small values of r/rwall

where the curve tends to zero rather than infinity as a result of the experimental

pressure distribution approaching a finite value at the center of the flow.

The pressure distribution along the wall is shown on Figure

VI-20 for both the axial and swirling flow in_odel i0. The wall pressure in the

axial flow model follow the two-dimensional theoretical predicted pressures closely

in the upstream portion of the nozzle, although they become erratic at high area

ratios. This deviation from the predicted pressures is not caused by separation in

the axial flow nozzle, since the cell pressure is much lower than the exit pressure.

Condensation could be the cause, although data from other programs at FluiDyne with

similar nozzles and similar pressure behavior was not improved by using heated air.

It is more likely a result of anomalies in the taps, contour_ or alignment of the

nozzle. However, the trend of the data in the low area ratio portion is enough to

establish verification of the swirling flow analysis. This is seen by comparing the

data with the theoretical curves on the figures.

The exit total pressure distribution of Swirl Configuration 2

is shown on Figure VI-21. It was obtained with a six-tube total pressure rake as

shown in Figure VI-2. The Maeh number distribution may be obtained from this

pressure survey and the one-dimensional compressible flow relations, and is compared

with the theoretical one-dimensional exit Mach number in a swirling flow nozzle in

Vl-9
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Figure VI-22. Viscous effects probably account for a major portion of the

flattening of the experimental Machnumber curve from the theoretical.

The thrust efficiency of the swirling flow nozzle was con-

siderably lower than predicted (Figure VI-23). The performance of the second swirl

configuration is higher than the first, indicating that the losses are probably

high because of chamberdrag and injection geometry rather than any basic difficulty
with the theory. The second chamberwas shorter than the first and had 69%of the

injection area. If performance actually had decreased with increasing swirl magnitude,
it would have been expected that the second nozzle with o< * = 0.36 would have lower

performance than the first, which had O< * = 0.26. Since the reverse actually

occurred, it appears that improvement of the swirl-inducing technique will provide

higher performance.

b. Aerodynamic Nozzle

The design of the Aerodynamic nozzles tested in the cold flow

program was based upon the method shownin Appendix F.

The curves on Figure VI-24 show shroud cavity pressure versus

the distance from the throat to the attachment point as determined by a computer

program based on the method of characteristics. The upper points on the curves are

the design points used in designing the experimental shrouds, and were calculated

using an empirical pressure rise coefficient (4 P/q) based on data for nozzle flow

separation ahead of a forward facing step (Figure (8), Appendix F), and oblique

shock relations. The lower points on Figure VI-24 are the experimentally determined

points. The figure indicates that if the shroud pressure is known, an accurate

prediction of attachment length can be made, since the experimental points fall on

the curves. The difference between the experimental and design points is caused

by the fact that the pressure rise coefficient used in the original design predicted

too large a shroud pressure.

VI-IO
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VI, B, Cold Flow Programs (cont.)

Two curves of pressure rise coefficient as a function of M_ch

number were determined from the experimental data. The first was obtained directly

from the measured pressure profiles along the shroud which are shown in Figures VI-25

and VI-31. The attachment length calculated using these values of pressure rise

coefficient and the assumption that the flow is turned parallel to the shroud after

attachment was in error. This error was probably brought about because within the

_chm=nt region the flow Is not .... 11=i to t_e o_o _,_ ....f=_= A short di_+_c=

downstream of the reattachment region the flow is turned parallel to the wall. The

second pressure rise coefficient curve was calculated by using the correct attach-

ment length_ and the assumption that the flow is turned parallel to the shroud wall

after attachment. This curve was similar in shape to the first curve but predicted

large values of pressure rise coefficient. Since it is very difficult to determine

the exact flow angle within the reattachment region_ it would also be difficult to

calculate the correct attachment length using the measured pressure rise profiles.

For this reason_ the pressure rise coefficient curve based upon correct attachment

length and the assumption of flow parallel to the wall after attachment was selected

as representing the true pressure rise coefficient_ this curve is presented in

Figure VI-32. In order to calculate the attachment distance_ a curve of flow angle

versus attachment length is also required. This curve w_s _iso c_Iculated usimg

the method of characteristics and is shown in Figure VI-33. By using Figures VI-32

and VI-33 and the calculation procedure outlined in Appendix I, the correct attach-

ment distance can be calculated. The length savings of an aerodynamic nozzle over

a comparable conical nozzle having the same overall area ratio is shown in Figure

VI-34_ demonstrating that savings in length of up to 85_ can be achieved by using

the aerodynamic nozzle. The greatest length savings occur at low values of primary

area ratio and cone angle.

The performance of the aerodynamic nozzle is lower than

an equivalent conical nozzle having the same overall area ratio. A comparison

of the vacuum thrust coefficient for a conical nozzle having an area ratio of

58.67:1 with an aerodynamic nozzle of the same overall area ratio and a primary

area ratio of 5 is shown in Figure VI-35_ where the performance of the aerodynamic

VI-II
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nozzle is seen to be below that of the equivalent conical nozzle for each of the cone

angles tested. This trend of lower performance is true of all aerodynamic nozzles

tested. Performance of the aerodynamic nozzle increases with increasing pressure

within the shroud cavity. Twomethods were attempted in an effort to increase this

pressure.

(1) Introduction of auxiliary air, bled into the cavity

from the plenum chamber.

(2) Roughening of the shroud surface to increase the skin

friction coefficient.

The primary area ratio of 1.01 was chosen as the test case

for bleed flow. Bleed rates of 1.8, 4.4, and 8%, of the main stream mass flow
rate were used. The effect of bleed flow upon performance is presented in Figure

VI-36, where gains of approximately 2%over the no-bleed flow case were possible

for bleed flow rates of from i% to 2%. The reason for the increased performance

at low bleed flow rates and decreased performance at the higher rates is due to a

tradeoff between the performance gain brought about by the increased shroud

pressure, and the performance loss caused by inefficient expansion of the bleed
flOWo At the low bleed flow rates the bleed flow shifts the attachment point down-

stream and increases the shroud pressure enough to offset the loss and still give

increased performance. At the higher rates, the bleed mass flow losses becomeso

great that the momentumloss more than offsets the gain brought about from the
increased shroud pressure. Figure VI-37 presents shadowgraphsof an aerodynamic

nozzle having a primary area ratio of one and varying bleed flow rates. Increasing

the internal expansion section will result in smaller gains by bleeding. No notice-

able performance gain was observed when the shroud surface was roughened in the

effort to increase the shroud pressure by increasing skin friction. The easiest
meansof explaining the lack of performance gain is to examine the flow field

immediately downstreamof the attachment point. Whenthe flow leaving the primary
nozzle attaches on the smooth shroud, there is a definite turbulent boundary layer
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VI, B, Cold Flow Programs (cont.)

thickness associated with the flow immediately downstream of the attachment point.

Within the turbulent boundary layer there exists a subsonic layer which lies

immediately adjacent to the shroud wall, and is much thinner than the boundary layer

thickness. Pressure is transmitted upstream through the subsonic layer into the

shroud cavity region, and thereby increases nozzle performance. In the test program

the increase in shroud cavity pressure achieved by roughening the shroud was difficult

to detect because of the _at8 scatter at _he low cavity pressure. The pressure rise

was evidenced by a downstream shift in the attachment point as the shroud surface was

roughened. The pressure rise caused by roughening was small enough so that its effect

on performance was negligible. A third possible method of increasing the pressure in

the shroud cavity might be to increase the thickness of the subsonic layer by "tripping"

the boundary layer within the primary nozzle and thus obtaining a thicker boundary

layer before and after attachment, although this method was not attempted experi-

mentally.

The geometry loss, C_G, defined as i minus the ratio of

measured thrust coefficient to the one dimensional thrust coefficient is shown in

Figure VI-38. The measured thrust coefficient was calculated by correcting the

measured thrust to vacuum conditions and _-_ this ..........5 corrected value _- the product

of chamber pressure, throat area, and discharge coefficient. Lines of constant

length ratio, (the attachment length of the aerodynamic nozzle divided by the length

of a conical nozzle having the same overall area ratio and cone angle) are also

shown in Figure VI-38. The geometric losses in all cases were greater for the aero-

dynamic nozzle than for a conical nozzle having the same overall area ratio, and

best performance was achieved by the aerodymamic nozzles whose length approached

that of the equivalent conical nozzle.

In an effort to make the reattachment visible so that it

might be better studied, a 0.002-in. thick Mylar shroud _as built and tested. A

shadowgraph of the test is shown in Figures VI-39 and VI-40. Unfortunately the

mylar was optically too dense to allow measurement of the density gradients of the

flow within the shroud.

VI-13
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C. Reduction of Shear Drag

(i) 2-D Wedge Nozzle with Porous Walls

Both injection and no injection tests were run in order

to observe the drag reduction caused by mass injection. The two-dimensional wedge

nozzle was tested first because the glass sidewalls allowed observation of the flow

field° Tests were run to determine the effect of injection location, rate, and the

secondary gas which would result in maximum drag reduction. This information was

used in testing the conical nozzle. The effects of secondary injection on the flow

field for the entire range of injection rates was investigated to determine if injec-

tion caused any secondary effects such as separation or shock waves.

Figures VI-41 and 171-42 show the effect of injection on

wall static pressures. For both injection gases, with injection rates greater than

•36_ the wall pressures are increased by injection whereas for rates less than .36%

there is no change in wall static pressure relative to the no injection case. The

dashed curve shown is the pressure distribution for an isentropic one-dimensional

expansion of the primary air.

As a check on the mass flowing into and through each of

the individual plenums the pressure for each of the plenums was measured during each

test° The desired flow rate, based upon the pressure drop across the porous wall,

was found to be equal to that obtained experimentally. _ypical plenum pressure

distributions are presented in Figures VI-43 and VI-44o

In order to check the effects of mass injection on

boundary layer growth total pressure surveys were made at the nozzle exit plane.

In addition, collimated shadowgraphs were taken to observe the entire flow field

during injection. Shadowgraphs for several injection rates are shown in Figures

VI-45 and VI-46o The shock pattern downstream of the nozzle throat probably

vi-14
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originated at the point where the porous wall liner and the solid wall joined. The

shock is very weak, and dissipated before striking the opposite wall. Performance

of both nozzles was very high, indicating that any losses caused by the shock were

negligible. The shock pattern should not affect the results of the program since

the same pattern was present for both the injection and no injection tests. The

shadowgraphs are very distorted in the throat region of the nozzle. This distortion

causes the throat to appear larger for the flow cases than for the no flow cases.

The shadow effect depends on the second derivative of density so that the change in

illumination on the photographic plate is dependent on the net effect:

which for a small throat gap and large density changes leads to the large distortions

observed in the throat region of the model. The axial density gradient decreases

quite rapidly downstream of the nozzle throat region which results in the observed

flow field in this downstream region remaining relatively undistorted.

The shadowgraphs together with the total pressure surveys

at the nozzle exit plane indicated that the only portion of the flow field affected

by mass injection was the boundary layer which was observed to thicken as mass was

injected. Typical total pressure surveys are shown in Figure VI-47. Estimates of

boundary layer thicknesses were made from the shadowgraph photos. Although the

accuracy of these measurements was restricted by the indistinct limits of the

boundary layer at the nozzle exit, nominal effects of nitrogen and helium injection

were apparent and are shown in Figure VI-48. For comparative purposes the boundary

layer thicknesses were estimated from the total pressure surveys and are also shown

in Figure VI-48.

The performance of the 2-D wedge with varying injection

rates is shown in Figure VI-49 for helium and nitrogen injection. The sloping solid

line in the _igures, hereafter referred Do us om_ _u_v_u=_ _±_ _, ..........

vz-15
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what the thrust would have been if the secondary mass flow were expanded through a

secondary nozzle having the same area ratio and chamber pressure as the primary

nozzle, The ratio of exlPerimental thrust to achievable thrust is equal to the ratio

of specific impulse for injection through the porous wall to the specific impulse

which would have been achieved by injecting the same secondary mass flow through a

secondary nozzle having the same area ratio and chamber pressure as the primary

nozzle. This equivalence is shown in Part 2 of Appendix B.

Experimental points above the achievable thrust line

indicate drag reduction while those below the line indicate a performance penalty

associated with mass injection along the nozzle _all. The curves indicate that

although only small effects on performance were observed with the wedge nozzle, the

helium gas appeared to be more effective than the nitrogen gas in improving per-

formance. This conclusion is based on the data of Figure VI-49, where the experi-

mental helium injection points are clustered around the achievable thrust line

whereas the nitrogen injection experimental points are clustered below the achiev-

able thrust line. This result is in agreement with the theory of Rubesin and Pappas*

which indicates that "light" gases are more effective in reducing drag than are

"heavy" gases. Unfortunately, no conclusions could be drawn about the optimum injec-

tion location or rate since the data was all clustered together and appeared to be

independent of injection rate or location. It should be noted that 33% of the total

wedge nozzle surface area is composed of the glass sidewalls through which there

was no injection. This is one explanation why no performance increase was measured.

In addition the flow in the wedge was apparently laminar, as shown on Figure VI-57,

resulting in very low drag. However, the wedge model did serve its purpose of

indicating the growth of the boundary layer and allowing verification that shocks

were not induced by the secondary injection.

*Rubesin, M. W., and Pappas, C. C., "An Analysis of the Turbulent Boundary Layer

Characteristics on a Flat Plate With Distributed Light-Gas Injection," NACA

TN 4149, February 1958.
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VI, B, Cold Flow Programs (cont.)

(2) Conical Nozzle with Porous Walls

Injection and no-injection tests were run in order to

observe the drag reduction brought about by mass injection.

Figures VI-50 and VI-51 shows the effect of injection on

wall static pressures. For injection rates 5_+_v_ than .3_%_v N2 and .07% H e the _!!

pressures are increased by mass injection; for rates less than these there is no

change in wall static pressure relative to the no injection case. The dashed curve

shown is the pressure distribution for an isentropic_ one-dimensional expansion of

air° The no injection experimental points follow the one-dimensional curve very

closely.

The pressure was measured in each of the individual

injection plenums. This was done to determine if the correct mass flow w_s being

injected at each injection location. Results indicate that the mass injection was

being correctly distributed over the nozzle surface. Typical plenum pressure

distributions are shown in Figures VI-52 and VI-53. Shadowgraphs were taken for the

conical nozzle in the region of the exit plane but the density was so low in this

region that the flow field could not be observed.

The effects of mass injection on the boundary layer can

be seen in Figure VI-54. The total pressure gradient normal to the wall decreases

as mass is injected_ and in addition the boundary layer thickens.

The performance of the conical nozzle with varying

injection rates is shown in Figure VI-55 for helium and nitrogen injection. By

comparing the experimental data with the achievable thrust line it is clear that

the nitrogen shows no gain in performance_ i.e._ the same performance could be

obtained more simply by injecting the secondary flow through a small secondary

nozzle or through the throat of the primary nozzle by increasing its throat area or

chamber pressure. The conical nozzle with helium injection indicates a performance

vI-17
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gain of about 60_ of the drag predicted for laminar flow. Since turbulent flow

is expected in a rocket nozzle with combustion**, larger increases in total per-

formance would be expected, and mass injection as a means by which rocket nozzle

performance may be increased has promise and merits further investigation.

(3) Experimental Performance

The experimental thrust efficiency of both the cone and

two-dimensional wedge nozzles was higher than predicted by theory. The thrust

e_ficiency, CT, is defined as actual measured thrust to thrust that would have been

obtained by expanding the same mass flow one dimensionally; without drag, to the

nozzle area ratio. The performance decrement brought about by divergence and

viscous shear drag losses occurring within the nozzle can be obtained by subtracting

the thrust efficiency from one, (i - CT). Table VI-6 shows the results of testing

the experimental models with no secondary gas injection. Also shown in the table

are the theoretically calculated divergence and shear drag (both turbulent and

laminar) losses. The calculation procedures for the divergence and turbulent shear

drag losses are outlined in Appendix C and B. The laminar shear drag losses were

computed using the expression for skin friction coefficient derived by How_rth* who

solved the Blasius equations for laminar boundary layers. Table VI-6 reveals that:

**In a survey article in "A Survey of the Basic Scientific Problems Associated with

the Behavior of Materials at High Temperatures," Report TG-333-I Johns Hopkins

University, Applied Physics Lab., June 1959, Libby and Pallone state that for large

scale rocket motors turbulent flows are of greatest practical interest. The

pressure, temperature, and geometric scale are usually sufficiently large so that
transition occurs in the subsonic section of the nozzle; thus, turbulent flow pre-

vails in the throat region where critical heating occurs. An additional factor

which tends to assure the presence of turbulent flow in rocket nozzles is the

turbulence of the flow field external to the boundary layer due to combustion.

*L. Howarth, "On the Solution of Laminar Boundary Layer Equations," Proc. Roy. Soc.,

London, A164, 1938.
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VI, B, Cold Flow Programs (cont.)

(i) using the sum of the theoretical divergence and turbulent shear drag losses, the

theoretical thrust efficiencies of the conical nozzle are seen to be about 1.74

lower than those experimentally measured, (2) the theoretical thrust coefficients

determined by using the divergence and laminar shear drag losses were calculated to

be about 0.74 low_r than those measured in the experimental program. FluiDyne Corp.

estimates an accuracy of + .254 in the measurement of thrust efficiency, which indi-

cates that the ........ of ÷_p_±o_,_nc= _i_e nozzles is _L.A__ _11__r_ _ p_d_c+_d--_ -- .......by 11s_g

laminar shear drag theory. The high experimental performance is unexplained, and may

be the same phenomena observed on the swirling flow nozzle. However, it is assumed

for this report that thrust can be increased from the aero injection level by reducing

drag.

The possibility of having laminar flow rather than the

expected turbulent flow explains why only small performance gains were observed in

the experimental program. Additional impact pressure data was taken at the exit

plane of the conical nozzle with no injection using a rake which has more impact

probes than were used in the original program to establish whether the flow was

laminar or turbulent. The profiles are shown in Figure VI-54. The profile indicates

that the flow was turbulent at the nozzle exit. However, the profiles with injec-

tion have the laminar shape, indicating the possibility of a shift downstream of the

transition point with injection. Major drag loss is contributed just downstream of

the throat, and if this region were laminar the performance would be high which

would explain the high performance obtained with no injection.

Performance gains are possible even with laminar flow as

shown by Klunker and Ivey*, who investigated the effect of mass injection on the

shear drag for a laminar boundary layer. The results of their investigation indi-

cated reductions in shear drag of up to 504 were possible by using mass injection.

*Klunker, E. B., "An Analysis of Supersonic Aerodynamic Heating with Continuous

Fluid Injection," NACA TN 1987, 1949.
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However, the total drag on the conical model was expected to be about 1.54 of the

total thrust, as predicted by turbulent theory. This is reduced to about .44 for

laminar flow, making experimental accuracy critical.

In an effort to determine whether the flow was laminar

or turbulent, the total pressure surveys through the boundary layer at the nozzle

exit plane were compared with those presented by Korkegi*, Figure V!_-56, with the

result that the experimental profiles had the general shape associated with a

laminar boundary layer. Korkegi* also presents data showing the transition region

as observed in wind tunnel tests for flow over a flat plate° This data is presented

in Figure _7-57. The data observed in the present experimental program is also

shown in Figure %_-57. The 2-D wedge nozzle lies in the laminar flow region whereas

the flow in the conical nozzle passes through the transition region. The character-

istic length used in determining the experimental Reynolds numbers was the distance

along the nozzle contour, with X = 0 at the nozzle throat.

The values of laminar and turbulent drag were calculated

using the technique outlined in Appendix B and are shown in Figure VI-55. If the

drag were reduced to zero the experimental data should approach one of the dotted

curves depending on whether the flow regime is laminar or turbulent. The one-

dimensional thrust line is also shown in and is seen to be lower than the thrust

achieved if the flow were turbulent and the drag were zero, indicating that the flow

in the nozzle was probably laminar over at least a portion of the nozzle, as dis-

cussed previously°

_! ° °

*Korkegi, R. Ho, Transltlon Studies and Skin Friction Measurements on an Insulated

Flat Flare at a Nach Number of 5.8", Jour. Aero. Sci., Vol 23, No° 2, February 1956.
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VI, Experimental Programs, (cont.)

C. CHEMICAL KINETIC LOSSES, APOLLO SUBSCALE ENGINE

A comparison of the experimentally and analytically determined chemical

kinetic losses has been made under company sponsorship.

In the course of the Apollo Service Module engine development, a sub-

scale engine was used to ......._+o_data _w_ ablative chambers, l_tor_,'_ _ and radiation

cooled nozzles. Performance measurements were made as secondary objectives of the

programs. The engine tests were conducted at AEDC in simulated vacuum conditions.

The performance which was obtained in the course of these tests was

significantly poorer than was expected based on estimated combustion efficiency

and nozzle losses from geometry and friction. Although thrust, injector end pres-

sure, and propellant flow rate were measured, it was not possible to accurately

divide the losses in specific impulse between combustion and the nozzle without

knowledge of the relation between injector and pressure and the nozzle chamber

pressure. Subsequently, a test program was undertaken to establish experimentally

the ratio of nozzle stagnation pressure to injector end pressure. The tests uti-

lized a conical nozzle of area ratio 1.5:1 such that the nozzle _N could be reli-

ably predicted (heat transfer and friction are small percentages, geometry effects

are estimated by two-dimensional axisymmetric calculations, and the recombination

loss is zero since composition freezing occurs at an area ratio greater than 1.5).

The data was also examined in a manner which reduced thermal expansion effects to

a minimum.

From the equations presented in Section III, one can write:

i FVAC

(rINK CD) = At CF (I) Pc (INJ)

VI-21
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Since the factors _N' K, CD, and CF (I) are essentially constant for a given engine
configuration, throat growth from thermal expansion may be detected by observing

the ratio FVAC/Pc(INJ) as a function of time. This ratio for Test 3 is plotted
in Figure VI-58 and extrapolated to zero time. From prefiring measurements, the

throat area is knownso the product (_NK CD) may be evaluated.

16.05 = 0.9347
_NKCD = (12.38) (1.387)

Table VI-2 contains a summaryof the loss factors which were used to obtain _N"
The loss for nozzle geometry was calculated for the 14.75° conical nozzle which

was used. The heat loss factor was estimated from calculated heat transfer coef-

ficients and a cold wall temperature difference. The value of _NK can be determined

using the [IN and CD from Table VI-2 and the value for (_NK CD) previously calculated.

Pc 0.9347 = 0.9627
K(Test No. 3, t:0) - Pc (INJ) - (0.997)(0.9738)

The derived value of K is less than the value given in Section III since the com-
bustion chamber is conical and all heat release does not occur at the injector face.

Experimental data taken at 4 sec from fire switch and calculated re-

suits are tabulated in Table VI-3 for test runs using injectors SNA-15. This data

taken at 4 sec is corrected for thermal expansion of the nozzle throat by measure-

ment of the outside throat diameter with calipers attached at the throat. However_

it is necessary to knowaccurately the nozzle exit area in order to correct the
thrust measuredat sea level to vacuum. The exit area was not measuredand the

exit surfaces do not reach as high a temperature as the throat. Therefore; the

data for all tests is reduced assuming the cold exit area and the corrected hot

throat areas which will result in a consistent error of undertermined magnitude.

To use the average results from the seven test_ it is necessary to correct the 4 sec
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VI, C, Chemical Kinetic Losses, Apollo Subscale Engine (cont.)

data using information obtained from detailed transient analysis of Test No. 3 data.

From the transient analysis, it is possible to obtain the ratio of "zero" time data

to 4 sec data and to correct the average of the seven 4-sec test points.

The data contained in Table VI-3 is from direct measurement of thrust,

weight flow, and injector pressure. The subsequent calculation in Table VI-3 uses

the definitions of characteristic velocity and thrust coefficient used in Section

III of this report.

The ambient thrust measurements were corrected to vacuum as follows:

FVA C = FM + P Aa e(COLD) (Pb - Pa ) _(COLD)

where A b and Pb are the area and pressure at the exit base of the nozzle. In

general Pb differed from Pa by not more than _+0"05 psia. From F(VAC ), CF(1)I_ N'

and CD chamber pressure may be calculated,

P
c

F

_(I) NCDAt

and thus, the value for the ratio of chamber pressure to injector pressure,

P
c

K -

Pc(I_J)

Since c* varies directly with Pc'

c* _- K c*(iNj )

gPc (INJ) At(HOT)

= CDwhere c* (INJ)
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The average value of K obtained from the 4 sec data for the seven tests is corrected

to "zero" time where thermal distortion is nonexistent by the method using Test

NO o 3 transient data.

= (o.9627)

(t=O, AVE) (t=O sec, No. 3)

(0.96416)
(t = 4 sec, ave)

(0.96408)

(t = 4 sec, No. 3)

Two Apollo subscale engines having area ratios of 60:1 and 40:1, have

been tested under near vacuum conditions. Using the ratio of chamber pressure to

injector pressure, K_ previously derived_ it is possible to reduce the subscale

engine data to obtain experimental combustion efficiency and nozzle efficiency. It

is subsequently possible to use a calculated _N for nozzle geometry_ friction, and

heat transfer to obtain an experimentally derived recombination loss, C6K.

The experimental data with the resulting calculated parameters are

tabulated in Table VI-4° The CF(1) N(Shifting) is the calculated nozzle thrust

coefficient not considering recombination loss, which the actual nozzle thrust

coefficient CF is obtained from the data using the definition in Section Ill of

this report as follows:

I

CF _ sp g
c*

The experimentally derived recombination losses for Engine i, 2 and 3 are found to

be 71, 60.5 and 87_ of the value predicted using the Bray criterion for the reac-

tion H + OH+M_H20+M reaction as the principal reaction.

Based on the limited data available at this time, it is concluded that

low pressure in-space rocket engines will experience recombination losses due to

existence of chemical nonequilibrium in the nozzle. These losses are estimated to

be from 50 to 100_ of the loss predicted using the Bray criterion for the H + 0H+M

_H20+M reaction.

Table VI-5 summarizes experimental performance results.
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A
e

At

C_

C_D

CaG

C_K

C_H

CF

F

I
sp

i

P
a

Pb

P
C

P
c inj

r_c

0

V

g

K

LIST OF SYMBOLS

2
Nozzle base area, in.

2
Nozzle exit area, in.

2
Nozzle throat area, in.

Characteristic velocity, ft/sec

Drag loss

Geometry loss

Chemical recombination loss

Heat loss

Thrust coefficient

Thrust, ib

Specific impulse, sec

Axial distance measured from the throat, in.

Ambient pressure, psia

Nozzle base pressure_ psia

Chamber pressure, psia

Pressure at injector face, psia

Swirl m_i_o_de at nozzle throat

Nozzle efficiency

Combustion efficiency

Half-angle of conical nozzle, deg.

Nozzle area ratio

Density, lb/ft 3

Velocity, ft/sec

32 .174 ft/sec 2

Mass flow rate, ib/sec

Ratio of chamber pressure to injector face pressure
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SUBSCRIPTS

(I)

P

I-D

t6

8

Denotes ideal performance values

Primary expansion section

One dimensional

Chamber conditions

Throat station
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TABLE VI-I

EXPERIMENTAL PROGRAMS

l, Swirling Flow Nozzle

Swirl Magnitude (*)

0

O. 261

O. 356

o Aerodynamic Nozzle

Area Ratio

i

Primary Nozzle

Bleed

Cone Angle (°) Flow

20 x

5 i0

2O

3O

20 20

5 20

. Drag Reduction by Injection

Model

Configuration

2-D

2-D

Conical

Conical

Injected

_s

Nitrogen

Helium

Nitrogen

Helium

Roughened

Shroud

x

x

Shroud Length

Nominal

intermediate

Nominal

intermediate

Nominal

intermediate

Nominal

intermediate

Nominal

intermediate

Nominal

(flexible shroud)

Amount of gas injected

as a percentage of

primary gas flow

o - 1.75

o - 1.95

o - 1.81

0 -0.7

Number of

Injection
Plenums

8,4,2,0

8,4,2,0

8,4,2,0

8,4,2,0

Table VI-I



CF (idealva c

Kinetics (CaK)

Friction (C£D)

Geometry (C_G)

Heat Loss (C£H)

TOTAL

_N

CD
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TABLE VI-2

_N AND FOR _ = 1.5 NozZLEC D

1.387 (N204/Aer°zine 50, Pc
)

= 2.0, E = _.5)

0.0000

0.0040

0.0206

0.00_6

0.0262

0.9738

0.997

Table VI-2

= ]_00 psi
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TABLE Vl-3

SUBSCALE DATA, _ = i. 5

SN A-13 A-13 A-15 A-15 A-15 A-15 A-15

4 4 4 4 4 4 4
Time (sec)

Run I 2 i 2 3 4 5

P 95.67 99.56 98.18 98.93 98 37 98.28 98 05
c (inj) " "

]_9 5 !_57.3 1329.6 1336.9 13_R. 4 1331.6 1327.7

9 T 6. 897 7. 179 7.074 7. 017 7. 024 7. 012 6. 977

MR 2. 022 2. 061 2.041 i.876 I. 975 i. 930 i. 935

Ae (cold) 18.63 18.63 18.63 18.63 18.63 18.63 18.63

_b (cold) 4.10 4.10 4.10 4.10 4.10 4.10 4.10
P 14.52 14.52 14.56 14.58 14.52 14.52 14.60
a

Pb - P -0. 041 -0. 041 O. 049 O. 049 -0. 031 -0. 034 -0. 041

. _- .LOmO. 0 .I.OUu. u iuvu. O _Uv_-. v -mw_-. _ .
vac

_N O. 9738 0. 9738 O. 9738 O. 9738 O. 9738 O. 9738 O. 9738

CD O. 997 0. 997 O. 997 O. 997 O. 997 O. 997 O. 997

At (hot) 12.56 12.56 12.56 12.56 12.56 12.56 12.56

CF (I) (vac) 1.387 1.387 1.387 1.387 1.387 1.387 1.387

CF (I) x ( nCD ) 1.3466 1.3466 1.3466 1.3466 1.3466 1.3466 1.3466

P 92 •247 96. 255 94. 636 95. 121 94 •837 94 •730 94. 594
c

Pc/Pc (inj) O. 96422 O. 96680 0.96390 O. 96150 O. 96408 O. 96388 0. 96475

c* (inj) 5588.6 5587.4 5591.8 5678.4 5642.4 5646.9 5662.0

c* 5388.6 5401.8 5389.9 5459.3 5439.7 5442.9 5462.4

c* (I) 5595 5595 5595 5595 5595 5595 5595

._r_e(_o) 96.311 96.547 96.334 97.574 97.224 97.282 97.63006

Pc/Pc(inj) Av = 0.96416

Table Vl-3
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TABLE VI-4

APOLLO SUBSCALE DATA, 6 = 40
AND 6O

i
ENGINE

A-01,-02,03
Run

A-13

SN(inj) 60:1

Ae/At 0.96278

PcPc(inj) 5563.7

C*(inJ) 5356.6
C*

5595

c*(1) 95.738

3o6.1
I

s 343.5

Is(1) 1.9753
CF(Z)
Geometry loss(C_G) _ 1.56

_g lOSS (CI_D) _ _'84

Heat loss (C£H) % 0.5

_N(shifting) _ 95.10

CF(I ) x _N(Shifting) i'8785
1.8386

CF (actual)

Recom loSS(Experimental) % 2.020

Recom loSS(CeK ) % (Predicted) 2.88

oF(1)x 1.8216

2

C -01 _-02 _-03

A-12

60:1

O. 96278

5579.0

5371.3

5595

96.002

307.85

343.5

i.9753

1_. 56

2.84

0.5

95.1o

1.8785

i. 8440

I. 747

2.88

1.8216

3

D-Of

A-12

40:1

0.96278

5539.3

5333.1

5595

95.319

299.4

337.5

1.9408

1.58

2.57

0.5

95.35

1.8506

1.8062

2.285

2.63

1.7995

Table VI-4
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TABLE V I - 5

SUMMARY OF EXPERIMENTAL PERFORMANCE RESULTS

Swirling-Flow Nozzle

WI -D

•997

•536

•356

_p

1. Ol

1. O1

5

5

5

2O

* With 1.5_ bleed flow

0

• 261

• 356

C'T measured

• 99o

• 942

•982

Aerodynamic Nozzle

i0

20

3o

2O

C'T measured

826

843*

915

91o

872

956

Table VI-5

C !

T I-D

1.O00

i.oo7

1.011

C !

T predicted

.952

•983

•968

•977

•978
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OC_ b-- ,-q
b-b- _Ob-
0_0_ 0_0_

,-I ,-I ,--I _--I

,-I
Lr'x Lr'X_0
,--IC_ b- 0"_
_--I0 ,--I r-I
O0 O0

b- _-t
CO L_
,-t _1
0 0

O_

©
b_

0

! 0
CU 0

,-I

Table VI-6
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Figure VI-7 
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Expansion Section 

Contraction Section 

Swirl Pattern i n  Model Number Tho 

Figure VI-17 
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Mach Number Survey aZ _he Exi% of Swirl Configuration 2

Figure VI-22
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Figure VI-28
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Figure VI-32
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Figure VI-38
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Figure VI-42
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Figure VI-44
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Laminar and 3hzbulent Impact Pressure Profiles

Figure VI-56
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VII. CONCLUSIONS AND RECOMMENDATIONS

A. The results of the mission analysis show that, with the exception of

the aerodynamic nozzle_ the payload capability of the nine nozzles considered in

this study is essentially the same. For the aerodynamic nozzle, payload capability

is much less than that of the other eight nozzles. For a velocity increment of

I0,000 ft/sec, the greatest payload difference between any two of the eight remaining

nozzles is less than 2_ for the pump-fed systems, 4_ for the L02/LH 2 pressure-fed

systems, and 6@ for the N204/_erozine 50 pressure-fed systems (see Tables _¢-2 to

IV-5). Because the derivations of the contours and performance of some of the

nozzles were approximated, and some design parameters were selected arbitrarily

(e.g., the number of nozzles in a cluster and the base area ratio of the forced-

deflection nozzles), the relative positions of the eight nozzles, within the above

range of differences is insignificant. The performance of an existing vehicle with

a single modest area ratio bell nozzle and an engine envelope which can be increased

in diameter but not in length may be increased by using one of the short nozzles,

since these nozzles can achieve a higher effective area ratio in same length as

the bell nozzle (Figures IV-44 and 45).

B. Payload is relatively insensitive to engine weight, because the engine

is a small part of the overall inert weight. However, payload is quite sensitive to

engine length, because increasing the length not only increases the weight of the

interstage structure required to house the engine, but also increases the bending

moment on the lower stages. This requires an increase in structural weight of the

lower stages, and a corresponding decrease in the space vehicle light off weight.

An example of the relative effects of engine weight and length is given in Section

IV-A. For pump fed systems, if the nozzle is boosted disassembled so that the packaged

length of the nozzle is independent of area ratio, higher area ratios will give higher

payloads regardless of nozzle type, as shown by the "space assembled" curves on

Figures IV-40 and IV-42. The pump fed_ "ground assembled" nozzles peak at lower area

ratios (250-520), but still considerably higher than state of the art nozzles.

Page VII-I
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Vll, Conclusions and Recommendations(cont.)

C. The system offering the highest performance potential is one operating

at high chamberpressure (necessarily pumpfed), using a high specific impulse pro-

pellant, and a very high area ratio nozzle.

D. The payload performance of nozzles with annular or slot throats does
not warrant their development for space applications. A cluster of conventional

contoured nozzles is in general shorter than the annular throat nozzles, and has

roughly equivalent performance. Since it is often proposed to relieve the problems
of the annular throat with the use of multiple discrete circular throats merging

to an annular flow, the discrete throats can be used as well_with conventional ex-

pansion sections.

E. The performance of the aerodynamic nozzle is poor, even when the high

theoretical performance is used. Measuredperformance was considerably lower than

predicted, and it appears that this nozzle does not warrant further investigation for

spacecraft applications.

F. The performance of the swirling flow nozzle increases as the swirl

magnitude is increased_ due to a decrease in effective throat area and a correspond-

ing increase in effective area ratio. Since there is a corresponding reduction in
mass flow as swirl magnitude is increased, this nozzle has potential as a high per-

formance throttleable engine. It is recommendedthat further investigation of this

concept be initiated.

G. The development of methods of folding and storing the upper stage nozzle

during the atmospheric phase of flight and development of methods for erecting the

nozzle in place for the vacuumphase of the flight should be investigated.

H. Reduction of nozzle drag losses by injection into the boundary layer

appears feasible, although this investigation must be extended to insure a turbulent

boundary layer, and to a hot firing demonstration.
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,VII, Conclusions and Recommendations (cont.)

I. Dissociation may be reduced by increasing the nozzle chamber pressure,

increasing the reaction rate through the use of additives, or by recontouring the

nozzle in the vicinity of the throat. Recontouring the nozzle appears to offer

immediate gains in performance for low thrust engines. It is recommended that ex-

perimental verification of this effect be conducted.

J. Nozzle contours generated from perfect gas theory result in contours

which are optimum for equilibrium flow as well as for frozen flow of a real gas.
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